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ABSTRACT 
 
Achieving high crop yields requires a large supply of plant available nitrogen (N), 
yet losses of inorganic N from agriculture are deleterious to environmental quality. A 
significant portion of agricultural N losses could be prevented if large soil inorganic N 
pools were not needed to satisfy crop N demand. Alternative N management strategies 
that consider N fluxes like gross N mineralization in addition to N pools should be 
investigated, as they could conceivably reduce the size of soil inorganic N pools while 
still providing sufficient N for crop production. Diversified cropping systems may be able 
to utilize such alternative N management strategies to reduce N losses and increase crop 
productivity. Characterization of the effects of cropping systems on crop N uptake, soil 
inorganic N pools, and N fluxes will enable testing of the importance of N dynamics in 
diverse compared to simple cropping systems. Understanding the relative rates of crop N 
uptake and inorganic N production by mineralization of soil organic matter could 
determine the potential for internal N cycling to fulfill crop N demand. Furthermore, if 
consistent and easy to measure predictors of N mineralization could be identified, 
estimations of N mineralization could be widely utilized for both research and 
agricultural management purposes. 
 The Marsden Farm cropping systems experiment compares diverse and simple 
corn (Zea mays)-based cropping systems, and is utilized here to investigate the effects of 
cropping systems on N pools and fluxes. Over a 12-year period, corn grown in diversified 
cropping systems required 5.7-fold less synthetic N fertilizer than corn grown in a simple 
cropping system, yet yielded 4% more grain. It is also likely that nitrate leaching was 
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reduced, as spring soil NO3
-
 concentrations at 1.2 m depth were on average 33% lower in 
the diversified systems. Further investigations focused on a 2 year period, and revealed 
that neither soil inorganic N pool size nor potential net N mineralization rate could 
explain crop N uptake. There was a positive relationship between gross N mineralization 
and corn N status late in the growing season, but this relationship was consistent across 
cropping systems and thus did not explain the cropping system effect on yield. Other 
potential explanations such as corn rooting characteristics, soil moisture status, and corn-
microbe interactions should be investigated as causes of the cropping system effect. 
Gross N mineralization rate was found to be much greater than peak corn N uptake at 
Marsden, approximately 5-fold higher, which suggests that corn could potentially fulfill 
much of its N demand by tapping into internal soil N fluxes. However, the crop’s ability 
to access this N supply will depend on how well it can compete with inorganic N 
consumption processes such as microbial immobilization, denitrification, and leaching; 
this topic deserves future research attention. Finally, the Marsden experiment and 5 other 
cropping systems experiments were used to examine predictors of potential gross and net 
N mineralization. Results suggested that the quantity and quality of soil organic matter 
could serve as effective predictors of N mineralization rates. Multiple linear regression 
models were able to predict both gross N mineralization and net N mineralization 
(R
2
=0.8) although the predictors were different for gross and net mineralization, which 
indicated that different factors influenced these processes. Predictions were valid over the 
range of sites and management strategies investigated.  
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CHAPTER 1 
INTRODUCTION 
 
 Modern agricultural systems have an impressive record of sustained increases in 
yield that have increased grain supplies and prevented widespread famine (Fischer et al. 
2014). However, such systems have also caused global reactive N pollution to surpass a 
proposed planetary boundary where there is a high risk of negative impacts that could 
drive a shift in vital Earth-system processes (Steffen et al. 2015). Nitrogen lost from 
agriculture accumulates in the surrounding environment and contributes to air and water 
pollution, global climate change, and biodiversity loss (Galloway et al. 2003). These 
externalities are potentially quite costly to society (Sobota et al. 2015). Agricultural 
systems are needed that can address two vital societal needs: high crop production and 
improved environmental quality. The research presented in this dissertation is focused on 
exploring how diversified cropping systems may be able to satisfy these two 
requirements. 
 The Midwest US, a global center of agricultural production, aptly illustrates the 
tension between crop production and environmental quality. Corn (Zea mays) dominates 
crop production in this region due to its high productivity, which is enabled by advances 
in technology, a generally favorable climate, high quality soils, and favorable market and 
policy environments (Fischer et al. 2014, Fausti 2015). The use of synthetic N fertilizers 
and simplification of cropping systems associated with intensive corn production in this 
region have increased emissions of reactive N (Hatfield et al. 2009, Broussard and Turner 
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2009). Diversification of the corn-based cropping systems of this region offers a potential 
avenue to reduce N pollution while maintaining high crop yields.  
 Nitrogen mineralization is an important source of plant available N, often 
accounting for the majority of N taken up by a crop (e.g. Stevens et al. 2005). Diversified 
cropping systems typically include leguminous crops and often receive other inputs of 
high quality organic residues, such as animal manure (Karlen et al. 1994) which may 
enhance rates of N mineralization. This may in turn enable diversified systems to achieve 
high levels of crop production without requiring large inorganic N pools that are highly 
susceptible to loss. Furthermore, the traditional view of crop N nutrition holds that crops 
utilize inorganic N that is added through fertilizer or organic N that is mineralized but not 
re-immobilized by microbes (i.e. net mineralization). However crops may be able to 
successfully compete for gross N mineralization, capturing mineralized N that might 
otherwise be immobilized by microbes (Inselsbacher 2010). This suggests that N 
availability is controlled by both the pool size of inorganic N in the soil as well as the 
gross rate of N cycling. Investigation into how cropping systems influence gross and net 
N mineralization and crop N uptake is thus an important step toward understanding how 
diversified cropping systems may be able to satisfy the dual goals of crop production and 
reduced N pollution. 
 The next three chapters of this dissertation focus on characterizing N dynamics at 
the Marsden Farm cropping systems experiment. This long-term experiment compares a 
simple 2-year cropping system with two diversified cropping systems, and has clarified 
that the diversified cropping systems hold several advantages over the simple cropping 
system (Davis et al. 2012). Chapter 2 presents a conceptual model of the N cycle and N 
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fertility management strategies in diversified and simple cropping systems. This model 
highlights several mechanisms by which diversified cropping systems could enable high 
levels of crop production while minimizing soil inorganic N pool size and reducing N 
losses. Several hypotheses stemming from the conceptual model are then examined using 
data gathered at the Marsden Farm experiment.  
 In Chapter 3, I examine more in depth how cropping systems affect soil N 
dynamics and corn N uptake. The temporal dynamics of soil inorganic N, N 
mineralization rates, and crop N uptake are explored. Potential mechanisms that could 
explain the cropping system effect on corn N uptake are discussed, and the importance of 
soil inorganic N, gross N mineralization, and net N mineralization to crop N uptake is 
scrutinized. 
 Next, Chapter 4 tests the hypothesis that rates of inorganic N production from N 
mineralization are greater than rates of N uptake by corn. This question has been 
examined for net N mineralization rate, and peak corn N uptake rate is typically found to 
exceed net N mineralization rate. However, how gross N mineralization rate compares to 
crop uptake rate remains unknown. This chapter presents comparisons of gross N 
mineralization rates with corn N uptake rates at the Marsden Farm experiment. 
 Chapter 5 departs from the exclusive focus on the Marsden Farm experiment and 
examines soil N mineralization in a diverse group of six long-term cropping systems 
experiments in the US Midwest and Israel. Soils from these sites are utilized to generate a 
set of potential predictors of both gross and net N mineralization rates. The potential 
predictors are composed of measurements of the quantity and quality of various soil 
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organic matter pools. Relationships between the predictors and N mineralization are 
explored, and N mineralization prediction equations are produced and tested.  
 In the final chapter I summarize the main findings of this research and offer some 
concluding remarks. 
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CHAPTER 2 
DIVERSE CROP SYSTEMS CAN REDUCE NITROGEN LOSS BY OPTIMIZING 
SOIL NITROGEN CYCLING 
 
Introduction 
Nutrient pollution from the Mississippi River Basin creates a large annual 
hypoxic zone in the Gulf of Mexico (Rabalais et al. 2002, Obenour et al. 2013). As a 
result, the United States Environmental Protection Agency has developed a goal to reduce 
total nitrogen (N) export to the Gulf of Mexico by 45% (US-EPA 2007). Corn (Zea mays) 
and soybean (Glycine max) cropping systems, which dominate land use in the Upper 
Mississippi River basin (UMRB), account for >50% of NO3
- lost to the Gulf of Mexico 
(Alexander et al. 2008). Reduction of NO3
- losses from these systems is challenging as 
most of the loss occurs during the winter and spring seasons (Tomer et al. 2003, Royer et 
al. 2006), which is likely due to a combination of precipitation, abundant soil N, and 
limited or absent crop N uptake (Dinnes et al. 2002). Furthermore, artificial subsurface 
drainage, which is prevalent in this region, accelerates water and NO3
- movement through 
the soil profile and further complicates efforts to reduce NO3
- losses (McIsaac and Hu 
2004, David et al. 2010).  
Much attention has been given to advanced N fertilizer management techniques in 
efforts to increase N fertilizer use efficiency, resulting in development of the ‘4R’ 
fertilizer management paradigm that promotes N fertilizer application in the right form, 
at the right rate, in the right place, and at the right time (Bruulsema et al. 2009). 
However, advanced fertilizer management technologies have shown limited potential for 
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reducing NO3
- losses from the rain-fed, corn-based systems of the Mississippi River 
basin, with maximum reductions amounting to approximately 1/3 of the 45% N export 
reduction goal (IDALS et al. 2013, McLellan et al. 2015). Nevertheless, N fertilizer 
management is a commonly invoked potential solution to NO3
- leaching which focuses 
on inorganic N pool size and its change in size over time; an assumption that underlies 
this solution is that crops are poor competitors for N that is mineralized into a plant 
available inorganic form for only a short period before immobilization into the soil 
microbial biomass.  
The view of crops as poor competitors for available N when soil microbes also 
demand N results in the assumption that crops are dependent on the application and 
maintenance of large pools of inorganic N fertilizer that cannot be substantially 
immobilized by microbes (Magdoff 1991). This assumption leads to management 
practices that focus on large NO3
- pools in the soil and subsequent NO3
- loss, as the pool 
size of dissolved inorganic N in agricultural soils is positively correlated with NO3
- 
leaching (Dinnes et al. 2004). However, recent advances in knowledge regarding 
interactions between plants and soil microbes challenge the assumption that plants are 
always poor competitors with microbial immobilization. Decomposition of soil organic 
matter (SOM) produces NH4
+, with the rate of production of NH4
+ known as gross N 
mineralization. The newly mineralized NH4
+ is subsequently taken up by microbes 
(immobilization) and plants or transformed to NO3
- (nitrification). Positive net N 
mineralization occurs when inorganic N is produced in excess of microbial demands and 
accumulates in the soil in the absence of plant uptake, while negative net N 
mineralization occurs when microbial consumption processes exceed gross N 
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mineralization in the absence of plant uptake (Schimel and Bennett 2004). A long-held 
assumption of agricultural N management is that crops are only able to access inorganic 
N that is produced in excess of microbial demand; in other words plant N uptake can 
occur only when net N mineralization is positive. Even recent calls for alternative N 
management technologies that improve the balance between agricultural production and 
environmental quality do not challenge this assumption (Drinkwater and Snapp 2007). 
However, in unmanaged ecosystems, despite consistently negative net N mineralization 
in the absence of plant uptake, plants accumulate large quantities of N by successfully 
competing with microbial immobilization for gross N mineralization (Kaye and Hart 
1997), thus disproving the conventional assumption that plants depend on the 
accumulation of inorganic N in excess of microbial demand. Moreover, recent evidence 
suggests that agricultural crops are also effective competitors with soil microbes for 
actively cycling inorganic N, particularly across periods of weeks to months 
(Inselsbacher et al. 2010, Bowles et al. 2015). Although plants may be relatively poor 
competitors with microbes for newly mineralized N over short time periods, they do win 
a portion of competition events so that over longer time periods they are successful 
competitors and accumulate mineralized N (Inselsbacher et al. 2010). 
An additional recent insight into N cycling processes is that gross N 
mineralization rates are not correlated with net N mineralization rates (Booth et al. 2005), 
demonstrating that inorganic N pool size and gross N mineralization rate can vary 
independently. This finding has great potential to improve future N management 
technologies as it suggests that high rates of inorganic N production can co-exist with 
small pool sizes to cause rapid turnover of inorganic N pools (Burger and Jackson 2003) 
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and allow large quantities of N to become available to plants despite small inorganic N 
pool sizes.  
We build on these recent advancements by linking N cycling processes to 
environmental N losses and crop yields. We have developed a conceptual model to 
contrast conventional agricultural N management with an alternative strategy, one which 
emphasizes plant uptake of significant portions of the inorganic N flux between microbes 
and soil organic N, thus enabling nutrient management strategies that emphasize 
maintenance of soil conditions that allow small pools of inorganic N to be resupplied 
through sufficient mineralization of organic N forms (Fig. 2-1). Conventional N 
management focuses on a large inorganic N pool and positive net N mineralization, while 
the alternative strategy focuses on gross N mineralization and immobilization rates, 
attempting to capitalize on plants’ ability to access actively cycling N and limit the 
accumulation of soil NO3
- that is susceptible to rapid environmental loss. Under this 
alternative strategy increased rates of microbial activity produce a consistent stream of 
potentially crop-available inorganic N from a large, dynamic organic N pool housed in 
soil organic matter. Actively growing plants and microbes rapidly immobilize and 
transform this inorganic N, maintaining a relatively small inorganic N pool (Fig. 2-1). 
Agroecosystems that receive increased organic N inputs as fertilizer can favor 
increased gross N cycling rates (Zaman et al. 1999, Burger and Jackson 2003, 
Habteselassie et al. 2006). As organic N sources provide C for microbial growth and 
respiration, much of the inorganic N mineralized from organic N inputs can be 
subsequently immobilized by microbes. Conventional thinking holds that much greater N 
mineralization rates relative to N immobilization rates (high net N mineralization) are 
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necessary to satisfy crop N demands. Thus the conventional strategy favors additions of 
inorganic N or organic materials with low C:N ratios (<25) to minimize microbial 
immobilization. In contrast, we propose that more balanced microbial mineralization and 
immobilization can maintain high gross N mineralization rates, allow for successful 
competition of plants with microbes for newly mineralized N, and reduce the size of 
inorganic N pools. 
We utilize a long-term cropping systems trial located in Iowa to examine our 
conceptual model, comparing internal N cycling, environmental N losses, and crop N 
uptake among three corn-based cropping systems (Liebman et al. 2008, Davis et al. 
2012): a relatively simple rotation employing advanced fertilizer management techniques 
that exemplifies a conventional system dependent on large inorganic N pools to supply N 
to the crop, and two alternative rotations receiving composted manure that represent 
systems that enhance microbial N transformations to sustain N supply (Fig. 2-1). The 
goal of the present study was to compare the conventional system to the alternative 
systems with regard NO3
- pool sizes and microbial N cycling processes, focusing on the 
corn phase of each rotation as high corn yield is dependent on high availability of 
inorganic N. Based on our conceptual model, we hypothesized that:  i.) gross rates of N 
cycling processes would be greater in alternative N management systems; ii.) inorganic N 
losses to the environment would be smaller from the alternative systems than the 
conventional system; and iii.) crop productivity would be greater in alternative N 
management systems. 
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Methods 
The Marsden Farm cropping systems experiment was established in 2002 in 
Boone County, Iowa (42°01’ N, 93°47’ W). Soils consist primarily of Clarion loam 
(Typic Hapludolls, 2-5% slope), Nicollet loam (Aquic Hapludolls, 1-3% slope) and 
Webster silty clay loam (Typic Endoaquolls, 0-2% slope), with smaller areas of Harps 
loam (Typic Calciaquolls, 0-2% slope), and Canisteo silty clay loam (Typic Endoaquolls, 
0-2% slope). The experiment was arranged in a randomized complete block design with 
all entry points of the three crop rotations (i.e. all crops within each of the rotations) 
represented in four replicate blocks in each year of the study. Individual crop plots 
measured 18 m × 85 m. 
Treatments consisted of three cropping systems: a conventional N fertilizer 
management program consisting of a 2-year corn-soybean rotation, a 3-year corn-
soybean-oat (Avena sativa)/red clover (Trifolium pratense) rotation with composted 
manure application, and a 4-year corn-soybean-oat/alfalfa (Medicago sativa)-alfalfa 
rotation with composted manure application. The 3-year and 4-year rotations represent 
the alternative N management approach (Fig. 2-1). In the corn year of the 2-year system 
inorganic N fertilizer (urea or urea-ammonium-nitrate) was applied at a conservative rate 
(112 kg N ha-1) at corn planting, while composted cattle manure (2002-2012 average 8.6 
ton dry weight ha-1, 116 kg total N ha-1) was applied in the fall preceding corn planting in 
the 3-year and 4-year systems. Soil testing was used to determine application rates of 
supplemental inorganic N fertilizer in all three systems (Blackmer et al. 1997), where 
spring soil NO3-N was measured from soil samples collected from 0-30 cm depth during 
the first two weeks of June according to Iowa State University Extension and Outreach 
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recommendations. Soil samples were well homogenized and submitted to the Iowa State 
University Soil and Plant Analysis Laboratory for analysis of NO3-N concentrations. 
Recommended supplemental N fertilizer rates (12 year means 41, 35, and 26 kg N ha-1 in 
the 2-year, 3-year, and 4-year systems respectively) were applied as urea ammonium 
nitrate (32% liquid N) between May 29 and June 28. Inorganic N fertilizer application 
rates were recorded from field operations records for 2003-2014. Corn yields were 
determined from six rows (382 m2) or 12 rows (765 m2) in the central area of each plot 
using a combine and a weigh wagon and are taken from both previously published data 
(Davis et al. 2012) and unpublished field records for 2003-2014. Additional management 
details for the experiment can be found in Appendix 1. 
Soil water N concentrations at 1.2 m depth are from published (Tomer and 
Liebman 2014) and unpublished sources, and represent samples collected in the spring 
(April-June) of 2005, 2010, and 2014, when the corn plots were monitored in all rotation 
systems. Measurements were taken within two of the experiment’s four blocks, 
specifically the two blocks that were higher in elevation, where water tables would least 
frequently rise into the root zone thus allowing soil water to be most consistently sampled 
above the water table. Ceramic cup suction samplers were installed in the plots in these 
two blocks that began the experiment under corn or soybean, providing two replicates for 
two crops under each rotational system. Lysimeters were not installed in all plots of the 
two blocks due to logistical constraints, resulting in the corn phase of all three cropping 
systems being planted in plots with lysimeters in only three years (2005, 2010, and 2014). 
Soil water samples were placed on ice in the field and submitted to the analytical lab at 
13 
 
the USDA-ARS National Laboratory for Agriculture and the Environment, where sample 
NO3-N concentrations were determined using a Lachat autoanalyzer. 
Gross N mineralization rates were based on the pool dilution method (Hart et al. 
1994). Soil sampling consisted of thirty-five 0-20 cm depth cores (18 mm diameter) taken 
randomly throughout the corn plots in October 2012 prior to tillage operations. Soil 
samples were sieved to four mm and air-dried at room temperature (21°C). Duplicate 
cores (4.5 cm diameter x 10 cm depth) were re-packed with air-dry soil to a bulk density 
of 1.2 g cm-3, and re-wetted to 60% water holding capacity, determined gravimetrically. 
Soils were pre-incubated at 30°C for 24 hours, then 15NH4 solution (9 mL of 20 mg N L
-1 
at 30% atom percent excess) was injected in both cores, where a side-port needle (15cm 
length) was inserted into the core and slowly extracted as solution was injected to 
distribute solution throughout the core. Nine injections of 1mL each were made per core. 
Initial 15N recovery was determined after 10 minutes with extraction of a 20 mg 
subsample by 100 mL 2 mol L- 1 KCl, shaken on a reciprocal shaker at 150 rpm for one 
hour with subsequent gravity filtration through Whatman No. 42 filter paper. The second 
duplicate core was extracted by the same method after 24 hour incubation at 30°C. 
Ammonium-N concentrations of extracts were determined colorimetrically (Hood-
Nowotny et al. 2010). Nitrogen isotope ratios were determined by diffusing KCl extracts 
(Brooks et al. 1989), then combustion analysis at the University of California-Davis 
stable isotope facility with a PDZ Europa ANCA-GSL elemental analyzer interfaced to a 
PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Gross N 
mineralization rates were calculated using the equation: 
Gross N mineralization rate = (M0-M) / t x (log (H0M / HM0) / log(M0/M)) 
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where M0 is the mass (mg) of 
14+15NH4
+ at initial extraction, M is mass (mg) of 14+15NH4
+ 
after incubation, t is incubation time, H0 is mass (mg) of 
15NH4
+ at initial extraction, and 
H is mass (mg) of 15NH4
+ after incubation Kirkham and Bartholomew 1954). 
Potentially mineralizable N (PMN) is a measure of accumulations of inorganic N 
under anaerobic conditions over a pre-defined time period, typically days, and is thought 
to indicate potential release of plant available N (Keeney and Bremner 1966). Here, PMN 
was determined with a commonly employed 7-day incubation method (Drinkwater et al. 
1996) with slight modification. Soil samples (0-20 cm) were obtained three times from 
each corn plot in 2014 with a 2 cm diameter soil probe. Twenty cores each were taken 
from each plot and composited to obtain a representative sample. Corn plots were 
sampled on June 11, July 8, and August 28. Cores were divided in the field into 0-10 cm 
and 10-20 cm segments and placed on ice for transport to the lab where soil samples were 
sieved to <8 mm and air-dried. Air-dried soil was then mechanically crushed to pass 
through a 2 mm sieve. To quantify the NH4-N originally present in the soil, 5.0 g dry 
weight of soil was placed in 50 mL centrifuge tube and 40 mL 2 mol L- 1 KCl was added. 
Samples were shaken for one hour on a reciprocal shaker at 150 rpms, filtered through 
Whatman No. 42 filter paper, and then analyzed colorimetrically for NH4-N (Hood-
Nowotny et al. 2010). A second replicate of 5g dry weight of soil was weighed into a 
25mL glass vial, 20mL deionized water was added and the capped vial was incubated for 
seven days at 40°C. After one week the sample was mixed with 20 mL 4 mol L- 1 KCl 
solution in a 50mL centrifuge tube and the solution was shaken, filtered, and analyzed as 
the first set of samples. Potentially mineralizable N was calculated as the rate of 
accumulation of NH4
+ over the incubation period. 
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Corn yield and spring soil NO3-N data were tested for treatment effects with 
mixed effects analysis of variance models (ANOVA). Blocks and years were treated as 
random effects, and cropping system was a fixed effect. Gross N mineralization rate data 
were analyzed with ANOVA to test treatment effects, with block treated as a random 
effect. For N fertilizer additions, the input level varied among years but not among blocks 
within a given system and year. Therefore, site-year was treated as the source of 
experimental replication, and cropping system effects were tested with ANOVA with 
years as a random effect and system as a fixed effect. Spring lysimeter NO3-N data for 
the April-June period was analyzed with a repeated measures ANOVA model with a 
residual covariance structure, where date of sampling was a repeated factor and cropping 
system was treated as a fixed effect. For PMN, repeated measures ANOVA with a 
residual covariance structure was performed to test the effect of system with date of 
sampling as a repeated factor. Covariance structures for the repeated measures analyses 
were chosen based on AIC and BIC fit criteria. 
For all analyses, least square means were compared using Tukey’s HSD, and 
linear contrast statements were used to compare the conventional 2-year system with the 
mean of the alternative 3- and 4-year systems. Statistical analyses were performed in JMP 
Pro v.11.0 (SAS Institute Cary, NC). 
 
Results and Discussion 
Nitrate-N concentrations in soil water at 1.2m depth under corn plots (Fig. 2-2a) 
were 33% lower in the 3-year and 4-year systems than in the 2-year system (p=0.03), 
which indicates that NO3
- losses via leaching were likely reduced in the alternative 
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systems. As annual leaching losses of NO3
- in Iowa are dominated by losses in April-June 
prior to the period of rapid crop growth (Tomer et al. 2003), leachate NO3
- concentration 
during spring is a reasonable proxy for annual N leaching. In addition to reductions in 
NO3
- leaching achieved during the corn phase of these crop rotations, the addition of 
small grain and forage legume crops are expected to significantly reduce NO3
- losses in 
the alternative cropping systems (Randall et al. 1997, Hatfield et al. 2009, Tomer and 
Liebman 2014). Nitrate concentrations in the surface 30cm of soil in late June (Fig. 2-2b) 
were 18% lower in the 3- year and 4-year systems compared to the 2-year system 
(p<0.01). Inorganic nitrogen fertilizer application rates (Fig. 2-2c) were 5.7-fold smaller 
in the 3-year and 4-year systems than the 2-year systems (p<0.01), while the 3-year and 
4-year rotations produced 4% higher corn grain yields than the 2-year rotation (p=0.01, 
Fig. 2-2d). In contrast to these differences in N pool sizes and inputs, indicators of N 
fluxes were higher in the alternative systems. Potential net N mineralization rates 
measured in 2008-2009 (Fig. 2-2e) were 23% higher in the alternative systems (p<0.01), 
and gross N mineralization rates measured in 2011 showed a trend toward higher rates in 
the diverse systems (p=0.12, Fig 2-2f). 
Considered together, these observations indicate that the alternative, more diverse 
cropping systems had increased internal N fluxes and reduced pool sizes, thus replacing 
reliance on inorganic N fertilizer with soil biological processes. Crop diversification 
enabled the alternative systems to supply sufficient N to increase corn yields relative to 
the conventional systems. This suggests that under an alternative system the crop may 
have accessed a significant portion of the gross flux of actively cycling inorganic N, thus 
enhancing N uptake by the crop. As the soil organic N pool in arable soils of the UMRB 
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regularly exceeds 10,000 kg N ha-1 and gross N mineralization may transform ~700 kg 
organic N ha-1 to inorganic N over a five month growing season, differences in 
mineralization rates can be highly significant for crop N availability. These results lend 
support to our conceptual model (Fig. 2-1) as the alternative systems demonstrated 
increased N mineralization rates that likely contributed to high crop yields. Conversely, 
crop N demand was satisfied in the conventional 2-year system with a large inorganic N 
pool supplied by inorganic fertilizer. The alternative systems also required less inorganic 
N fertilizer and maintained a reduced soil NO3
- pool than the conventional system, as the 
small inorganic N pool combined with enhanced N mineralization rates was sufficient to 
meet crop N demand.  
Despite efforts to optimize inorganic N pool size using soil testing and split 
application of fertilizers, vulnerability to N losses through leaching was high in the 
conventional system as indicated by the relatively large NO3
- pool size and high NO3
- 
concentrations in leachate water. In contrast, the alternative 3- and 4-year systems utilize 
applications of organic N inputs from crop residues and manure to maintain high rates of 
N mineralization but a smaller NO3
- pool (Fig. 2-1). The smaller inorganic N pool and 
lower NO3
- concentrations in leachate demonstrate that the alternative system was less 
susceptible to NO3
- leaching. The susceptibility of large inorganic N pools to loss can 
lead to N deficiency when conditions conducive to losses, such as large precipitation 
events, occur following fertilization. The potential loss of yield and profit has led to the 
development of recommendations for supplementary late spring N fertilizer applications 
in corn in such circumstances (Nelson et al. 2011). However, enhanced reliance on active 
N cycling in diversified cropping systems may increase the resilience of agricultural 
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systems to N limitation due to lower inorganic N losses during the growing season. As 
the diversified systems rely less on inorganic N pools, inorganic N depletion events will 
remove a smaller amount of N from the system. Additionally, enhanced N mineralization 
rates may enable inorganic N pools to recover more quickly from N depletion in 
alternative systems compared to conventional systems. This dependence upon active N 
mineralization rather than static N pools in alternative N management systems may partly 
explain the greater crop yield stability of diverse cropping systems compared to less 
diverse systems (Gaudin et al. 2015). 
Previous studies have explored the potential for diversified crop rotations to 
reduce NO3
- leaching from corn-based cropping systems in the Midwest US. Historical 
assessments of NO3
- losses from this region suggest that the loss of diversified systems 
can explain part of the increase seen in NO3
- losses in recent decades (Hatfield et al. 
2009, Broussard and Turner 2009). A recent study from Iowa reported nitrate leaching 
losses were 98% greater in a conventional corn-soybean rotation with a single application 
of inorganic N fertilizer compared to an extended rotation with composted manure 
applications (Cambardella et al. 2015). A Pennsylvania study observed that cropping 
systems that utilize organic N sources from legumes or manure can reduce NO3
- leaching 
when compared to a fertilizer dependent system. This was attributed to relatively greater 
immobility of organic N in SOM compared to inorganic N inputs (Drinkwater et al. 
1998). A literature review attributed NO3
- leaching reductions under diversified cropping 
systems to reductions in inorganic N fertilizer application rates as well as to differences 
in hydrology, as diversified systems often increase the period of living plant cover and 
decrease water movement through the soil profile during periods when simple crop 
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rotations are susceptible to leaching losses (Dinnes et al. 2002).  Our study builds on this 
idea by showing that NO3
- leaching reductions under alternative N management systems 
were greater than an advanced inorganic N fertilizer management program. These 
reductions were associated with greater rates of gross N cycling fluxes and smaller pools 
of leachable N (Fig. 2-2). Our results suggest an additional explanation for NO3
- leaching 
reductions under diversified crop rotations: enhanced soil biological processes that 
maintain consistent internal N fluxes that provide crops with a small but consistent 
inorganic N supply and negate the need for very large NO3
- pools (Fig. 2-1). 
Advanced fertilizer management technologies have greater potential to reduce 
NO3
- losses in agricultural regions that are more arid than the UMRB, especially when 
combined with advanced irrigation management. For example, irrigation and N fertilizer 
management has contributed to large improvements in groundwater NO3
- contamination 
in a region of Nebraska, USA dominated by irrigated corn production (Ferguson 2015). 
In systems irrigated with treated waste water containing N, NO3
- movement through the 
soil profile can be effectively eliminated as long as heavy precipitation events do not 
occur following application of waste-water (Feigin et al. 1984, Papadopoulos and 
Stylianou 1988). However, even in regions drier than the UMRB an alternative N 
management system that focuses on optimization of gross N mineralization and 
immobilization could build on the improvements in N management gained by N fertilizer 
management alone. 
In addition to losses of NO3
- via leaching, N can be lost via gaseous N emissions 
of nitrogen gas (N2) and nitrous oxide (N2O). Nitrous oxide is of particular environmental 
interest due to its ability to cause radiative forcing (Stocker et al. 2013), and loss of N2 
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may further increase the need for compensatory application of synthetic N fertilizers, the 
production of which has negative environmental effects (Erisman et al. 2008). Evidence 
for the effect of diversification of corn-based cropping systems on N2O emissions is 
mixed as both reductions in emissions compared to less diverse rotations and no 
differences between systems have been reported (MacKenzie et al. 1998, Decock 2014, 
Osterholz et al. 2014). While inorganic N pool size is positively correlated with N2O 
emissions (McSwiney and Robertson 2005), increases in emissions have also been 
observed in crop systems utilizing animal manure as a fertility source (Decock 2014). 
Therefore, the potential effect of the alternative N management system on N2O emissions 
is uncertain, and further research is necessary to determine the impact of diversified 
cropping systems with manure application on gaseous N losses. We hypothesize that 
where manure and crop residues can be shown to reduce reliance on large inorganic N 
pools and improve soil structure and soil gas exchange, that N2O emissions will typically 
be reduced. 
Many efforts to address environmental impairments caused by N losses from 
cropped soils have focused on managing inorganic N pools with adjustments in N 
fertilizer application rate, form, placement, and timing. Such advanced fertilizer 
management technologies may contribute to reducing NO3
- losses from the UMRB to the 
Gulf of Mexico, but additional technologies will be required to meet NO3
- reduction 
goals. A less studied approach to reducing NO3
- leaching is through optimizing fluxes of 
N between organic and inorganic pools. The ability of crops to compete with microbes 
for actively cycling N suggests an alternative N management system could supply N to a 
crop via rapidly mineralized and immobilized N while maintaining a small inorganic N 
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pool, which is less susceptible to significant leaching losses. We empirically tested this 
hypothesis at the field scale, and our results suggest that informed management can 
significantly alter N cycling processes to better achieve both water quality and production 
goals of agroecosystems. Specifically, diversification of corn-based cropping systems 
shows promise for reducing NO3
- leaching beyond reductions achieved solely by 
advanced N fertilizer management. Diversified systems enable maintenance of enhanced 
gross N mineralization that can increase crop N availability, yet decrease the size of 
easily leachable inorganic N pools. Improved understanding of the ability of crops to 
compete with microbes for newly mineralized N would enable the design of 
agroecosystems that are both productive and nutrient-retentive. Nitrogen management 
strategies in such agroecosystems should focus on optimizing labile SOM and associated 
microbial N cycling processes rather than managing large soil inorganic N pools. 
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                 Figures 
 
Figure 2-1.  Conceptual diagram of N cycling dynamics in contrasting crop management 
systems. The conventional system relies on large inorganic N pool sizes supplied by 
inorganic fertilizer to satisfy crop N demands, increasing the vulnerability to N losses 
through leaching. In contrast, the alternative system is based on application of organic N 
inputs from crop residues and manure to maintain a large pool of labile soil organic 
matter. Larger arrows indicate greater rates of flux. 
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Figure 2-2. Long-term data from the corn phase of three cropping systems at the 
Marsden Farm experiment illustrate alternative N management approaches. The 2-year 
system employs a conventional N management strategy, while the 3-year and 4-year 
systems represent alternative N management strategies (2-year = corn-soybean, 3-year = 
corn-soybean-oat+red clover with composted manure, 4-year = corn-soybean-oat+alfalfa-
alfalfa with composted manure). Soil water NO3
- concentrations in the April-June period 
of the corn year at 1.2m depth (A.) were greater in the 2-year system, suggesting larger 
potential for N losses via leaching. Nitrate pool sizes in late June (B.) were greater in the 
2-year than the 3- and 4-year systems. (C.) Inorganic N fertilizer additions have been 
largest in the 2-year system. Corn grain yields (155 g H2O kg
-1 grain) (D.) were greater in 
the 3-year and 4-year systems compared to the 2-year system. Potentially mineralizable N 
(E.) was greater in the 3- and 4-year systems, and gross N mineralization (F.) displayed a 
trend toward increased gross rates of N cycling in the 3- and 4-year systems. 3-year 
means for (E.) and (F.), and 13 year means for (A.), (B.), (C.), and (D.). Error 
bars=Standard error of the mean. 
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CHAPTER 3 
DO SOIL NITROGEN DYNAMICS EXPLAIN ENHANCED CORN NITROGEN 
UPTAKE IN DIVERSIFIED CROPPING SYSTEMS? 
 
Introduction 
 Agricultural nitrogen management practices are needed that can maintain crop 
productivity while also reducing negative environmental impacts. Increases in crop yield 
will be vital for ensuring future food security (Foley et al. 2011, Alexandratos and 
Bruinsma 2012), but intensive production agriculture can exacerbate losses of reactive N 
that contribute to air and water pollution, global climate change, and biodiversity loss 
(Galloway et al. 2003). The trend towards agricultural intensification that accelerated in 
the second half of the 20
th
 century has not only involved increased use of synthetic 
fertilizer inputs (Erisman et al. 2008), but also simplification of crop rotations in many 
regions (Fausti 2015). This trend can be exemplified by changes in cropping practices of 
the region of the central USA known as the “Corn Belt” (Jackson 2008), where 
simplification of cropping systems has been implicated in increased N losses (Hatfield et 
al. 2009). A number of analysts have suggested that a return to cropping systems that 
utilize diversified rotations and alternative fertility sources could address environmental 
concerns while maintaining high crop yields in this region (Karlen et al. 1994, Matson et 
al. 1997).  
 Diversified cropping systems are frequently observed to increase crop yield, an 
effect that has been attributed to many potential mechanisms (Bennett et al. 2012). The 
major proposed factors for the cropping system diversification effect are reduced pest and 
pathogen pressure, reduction of crop autotoxicity, improved soil structure or rooting 
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depth, and enhanced soil fertility (Bennett et al. 2012). Here we will focus on the 
question of whether the diversification effect can be attributed to enhanced soil fertility, 
and in particular N availability, as there has been little direct testing of the hypothesis that 
increases in crop yield through diversification can be attributed mainly to the mechanism 
of enhanced N cycling. 
 Diversified crop rotations that include leguminous or small grain crops have been 
shown to enhance soil organic N pools as well as N availability to subsequent crops in the 
rotation sequence (Drinkwater et al. 1998, Smith et al. 2008, McDaniel et al. 2014, 
Gaudin et al. 2015). Diversified crop rotations often receive relatively large additions of 
N-rich crop residues that increase readily mineralizable organic N compounds, and 
enhance the supply of plant available N (Mengel 1996, Kramer et al. 2002). 
Consequently, diversified cropping systems typically require less synthetic N fertilizer 
relative to simpler systems (Crews and Peoples 2004, Davis et al. 2012). Greater reliance 
on organic N sources rather than inorganic N fertilizers may also reduce N losses as 
organic N compounds are more readily retained in the soil than inorganic N formations 
(Drinkwater and Snapp 2007). A combination of organic and inorganic N fertilizers has 
been shown to be effective at minimizing N losses and maintaining high crop yields 
(Pang and Letey 2000, Drinkwater and Snapp 2007).  
 The timing of the soil N supply may be an important aspect of how cropping 
systems impact crop N availability, particularly in corn (Zea mays)-based cropping 
systems. Corn is a highly N demanding crop that requires in excess of 200 kg N ha
-1
 in 
high yield environments (Abendroth et al. 2011), and N supplied late in the growing 
season may be particularly important in determining corn yield as N limitation during this 
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period causes a premature decline in photosynthesis and constrains potential yield (Wolfe 
et al. 1988). Diversified rotations may be able to provide more N through mineralization 
of organic N after the inorganic N supply provided by fertilizers is depleted, which could 
lengthen the period of active photosynthesis and increase yield. Indeed, corn in rotation 
with a forage legume has been shown to achieve greater N uptake and crop growth in the 
early reproductive stages of crop growth (Ma et al. 2002). Therefore, diversified cropping 
systems may exhibit a greater capacity to supply plant available N late in the growing 
season due to enhanced rates of N mineralization.  
  Efforts to understand N mineralization in diversified cropping systems have 
focused mainly on if and how diverse systems enhance net N mineralization (Deng and 
Tabatabai 2000, Sanchez et al. 2001, Russell et al. 2005, Spargo et al. 2011), but have not 
considered the effects of cropping system diversity on gross N mineralization, which is 
simply the total conversion of soil organic N to NH4
+
. While agricultural crops 
undoubtedly rely on net N mineralization to fulfill a large portion of their N demands, 
investigations into gross N mineralization rate could prove valuable because plants have 
been shown to compete effectively with the major N consumption process of microbial 
immobilization (Kaye and Hart 1997, Xu et al. 2007, Inselsbacher et al. 2010). 
Additionally, if rates of gross N mineralization are high and soil inorganic N pools are 
small, gross N mineralization could readily replenish the inorganic N pool as it is 
gradually consumed by plant uptake, immobilization, or N losses to the environment. As 
diversified cropping systems can increase soil microbial biomass and organic matter 
content (McDaniel et al. 2014), they may also foster greater gross N mineralization and 
microbial N immobilization demand. This implies that if diversified cropping systems 
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increase the crop’s reliance on N supplied via gross N mineralization and simultaneously 
decrease reliance on large soil inorganic N pools, they could provide a more resilient N 
supply when the risk of N losses is high. Thus gross N mineralization may play a key role 
in a more ecologically-based crop N supply.  
 Greater soil N cycling activity in diversified corn-based cropping systems has 
been proposed as an important mechanism driving the diversification effect on crop yield 
(Copeland and Crookson 1992, Smith et al. 2008), but relevant evidence remains limited. 
Monitoring crop N uptake in concert with soil N dynamics could enable drawing linkages 
between soil N and crop response (Loecke et al. 2012), thus providing an avenue to 
directly test the importance of soil N for determining the diversification effect. We 
propose that investigating relationships between plant N status and net and gross N 
mineralization in diversified cropping systems at critical stages of crop growth and 
development could foster greater insight into the importance of soil N dynamics for the 
cropping system diversification effect, and may help explain the yield gains observed in 
diversified systems. Here we utilize a long-term cropping systems experiment that 
compares simple and more diverse corn-based cropping systems that differ in both crop 
sequence and fertility source. Our objectives in this study were two-fold: 1.) to 
investigate the effect of diversified cropping systems on N dynamics and test hypotheses 
that crop N uptake will be greater, gross and net N mineralization rates will be greater, 
and inorganic N pools will be smaller in the diversified cropping systems; and 2.) to 
examine the relationships between crop N uptake and soil inorganic N pools and N 
mineralization rates in order to test our hypothesis that differences in crop N uptake can 
be explained by soil N availability, particularly late in the growing season.  
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Methods 
 The Marsden Farm cropping systems experiment was established in 2002 in 
Boone County in central Iowa, USA (42°01’ N, 93°47’ W). Soils at the 9-ha 
experimental site consist of a catena of loam and clay-loam Mollisols common in this 
region. Soils vary across the experimental site and are predominantly Clarion loam (fine-
loamy, mixed, superactive, mesic, Typic Hapludolls, 2-5% slope), Nicollet loam (fine-
loamy, mixed, superactive, mesic, Aquic Hapludolls, 1-3% slope) and Webster silty clay 
loam (fine-loamy, mixed, superactive, mesic, Typic Endoaquolls, 0-2% slope), with 
smaller areas of Harps loam (fine-loamy, mixed, superactive, mesic Typic Calciaquolls, 
0-2% slope), and Canisteo silty clay loam (fine-loamy, mixed, superactive, calcareous, 
mesic Typic Endoaquolls, 0-2% slope). 
 The experiment comprised three cropping systems: a simple 2-year corn-soybean 
rotation, and two more diverse cropping systems: a 3-year corn-soybean (Glycine max)-
oat (Avena sativa)/red clover (Trifolium pratense) rotation with composted manure 
application, and a 4-year corn-soybean-oat/alfalfa (Medicago sativa)-alfalfa rotation with 
composted manure application. Our study focused on the corn phase of each system in 
the 2013 and 2014 growing seasons, when corn (Agrigold 6395BtRW in 2013 and Viking 
72-04N in 2014) was planted at 79,600 seeds ha-1 on 5/15/2013 and 4/22/2014. The 
experimental design was a randomized complete block design with four replicates, and 
all entry points of the three crop rotation systems (i.e. all crops within each of the 
rotations) were represented in the blocks in each year of the study. Plots measured 18 m × 
84 m. Additional management details can be found in Table 3-1 and Appendix 1. 
33 
 
Nitrogen fertility management was different in each cropping system. The 2-year 
system received 112 kg N ha-1 as urea or urea-ammonium-nitrate fertilizer during the 
corn phase at corn planting. In the 3- and 4-year systems, forage legume residues were 
incorporated in late fall preceding corn planting. Additionally, composted cattle manure 
was applied (2003-2014 average rate of 8.6 Mg dry weight ha-1, 107 kg total N ha-1) in 
the fall preceding corn planting in the 4- and 3-year systems. In late spring of the corn 
year in all cropping systems soil testing was used to determine application rates of 
supplemental inorganic N fertilizer. Soil NO3-N was measured from soil samples 
collected from 0-30 cm depth approximately when corn plants developed four collared 
leaves, following a well-established adaptive management method based on NO3
- pool 
size (Magdoff 1991, Blackmer et al. 1997). Approximately 20 soil cores (18 mm 
diameter) from each experimental plot were well homogenized and submitted to the Iowa 
State University Soil and Plant Analysis Laboratory for analysis. Supplemental N 
fertilizer as urea ammonium nitrate (32% liquid N) was applied at recommended rates 
(2003-2014 average 46, 31, and 21 kg N ha-1 in the 2-, 3-, and 4-year systems, 
respectively) between May 29 and June 28.  
Soil inorganic N pools, anion exchange membrane (AEM) sorbed NO3
-, 
gravimetric soil moisture content, and corn N uptake were measured over the 2013 and 
2014 growing seasons. In 2014 only we also measured gross ammonification rate, soil 
organic C, and potentially mineralizable N. 
Corn N uptake rate was determined by sequential sampling of aboveground plant 
biomass and subsequent fitting of mathematical functions to growth data (Hunt 1982). 
Four whole corn plants were sampled from each plot on seven dates during the 2013 
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growing season and 10 dates during the 2014 growing season. Sampling intervals were 
chosen to coincide with corn growth stages V4, V8, V17, R1, R2, R4, and R6 in both 
years, as well as V1, V11, and R4 in 2014 (Abendroth et al. 2011). Plant samples were 
dissected and separated into the following categories when present: leaves, stems, grain, 
and other reproductive structures. All samples were dried at 60°C in a forced air dryer, 
and the entire sample was homogenized by grinding. Total N contained in the plant parts 
was determined by analyzing a subsample with dry combustion elemental analysis in a 
LECO Truspec CHN analyzer (LECO Corp. St. Joseph MI, USA). Nitrogen content was 
then plotted against accumulated growing degree days (GDDs) (base T=10°C, maximum 
T=30°C) calculated from weather station records from a location ~1 km from the 
experimental site. Curves of total N content v. GDDs were fit for each experimental plot 
using the “Beta” function (Yin et al. 2003) in SigmaPlot 11.0 (Systat Software Inc., 
London, UK), while curves of corn leaf N concentration v. GDDs were fit with a 3
rd
 
order polynomial (Loecke et al. 2004). Corn N uptake rate was determined by taking the 
derivative of the total corn N content “Beta” functions. Corn N uptake estimates were 
conservative as they did not take into account root N, which typically comprises ~15-
20% of total plant N (Sanchez et al. 2002, Loecke et al. 2012). Corn grain yields were 
measured by harvest of the central six rows of each plot (382 m
2
) with a combine and 
weighing of harvested grain with a weigh wagon. A representative grain sample was 
dried at 60°C to determine moisture content, and grain yields were adjusted to 15.5% 
moisture. 
Inorganic N pools were monitored over the course of two growing seasons by 
measuring NO3
-
 and NH4
+
 concentrations in soil samples taken approximately weekly. 
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Soil sampling frequency was reduced to every other week after July as inorganic N pools 
were expected to be less dynamic in the latter half of the growing season. Soil was 
sampled from the 0-30 cm depth using 18-mm diameter soil probes, and each core was 
split into two depths: 0-10 cm and 10-30 cm. Five soil cores from each plot were well-
homogenized by hand to form a single soil sample. A ~10 g subsample was extracted in 
50 mL of 2 mol L
-1
 KCl by shaking at 150 rpm for 1one hour, followed by gravity 
filtration through Whatman No. 1 filter paper. Concentrations of NO3
-
 and NH4
+
 in the 
extracts were determined by colorimetry (Hood-Nowotny et al. 2011). Another 
subsample was used to determine soil moisture content by determining the mass lost 
following 24 h drying at 105°C. 
In addition to soil sampling, anion exchange membranes (AEMs) were used to 
index NO3
-
 availability during the corn growing season. Sorption of NO3
-
 by AEMs has 
been shown to reflect NO3
-
 availability to plants, and can serve as a more integrated 
measure of crop N availability (Ziadi et al. 1999, Qian and Schoenau 2002). Three anion 
copolymer vinyl exchange membranes containing quaternary ammonium anion exchange 
groups (Ionics AR204-SZRA, Ionics, Inc., Watertown, MA) measuring 2.0 cm x 4.0 cm 
were placed vertically two cm below the soil surface between corn plants within the corn 
rows. Membranes were saturated with Cl
-
 prior to deployment by soaking overnight in 3 
mol L
-1
 KCl solution. After two weeks the membranes were removed and replaced by 
AEMs located in another area of the experimental plot. After gentle rinsing with de-
ionized water, the NO3
-
 sorbed to the AEMs was removed by vigorous shaking (1 hour at 
280 rpms) in 2 mol L
-1
 KCl solution. Nitrate concentration in the solution was measured 
by colorimetry (Hood-Nowotny et al. 2011). 
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Soil N mineralization activity was measured in the 2014 growing season using 
two assays: gross ammonification and potentially mineralizable N. Soil samples were 
collected at three distinct phases of corn development: five collared leaf stage just prior to 
sidedress N fertilization (June 11), at the initiation of the reproductive stages (July 8), and 
during late grain filling (August 28). Soil was sampled by taking 35 representative 20-cm 
deep soil cores (18 mm diameter). Soil cores were split into two depths (0-10 cm and 10-
20 cm), bulked and transported to the laboratory on ice where soil samples were 
homogenized by sieving to <8 mm. Preliminary data showed a high degree of spatial 
variability in inorganic N concentrations, rendering the use of intact soil cores untenable 
because the gross N mineralization assay requires multiple soil cores of equal inorganic 
N pool size. 
Gross ammonification rates were measured using the 
15
N pool dilution method 
(Hart et al. 1994). Within 24 hours of soil sampling, duplicate soil cores (4.5 cm diameter 
x 10 cm depth) were re-packed with field moist soil (moisture content ranged from 0.18 
to 0.30 g H2O g
-1
 soil) to bulk densities between 0.99 - 1.35 g cm
-3
 for the 0-10 cm depth 
and 1.20 -1.41 g cm
-3
 for the 10-20 cm depth, based on bulk density data collected in 
2007 (data not shown). Re-packed soil cores were injected with 
15
NH4 solution (10 mL of 
30 mg NH4-N L
-1
 at 4% APE), whereby a side-port needle (15 cm length) was inserted 
into the core and slowly extracted as solution was injected to distribute solution 
throughout the core. Five injections of 2.0 mL each were made. Initial 
15
N and recovery 
were determined 10 minutes after 
15
N injection, where one core per plot was 
homogenized by mixing in a plastic bag, then a 20 mg dry soil equivalent subsample was 
extracted in 100 mL of 2 mol L
- 1
 KCl solution, shaken on a reciprocal shaker at 150 rpm 
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for one hour, and subsequently filtered through Whatman No. 42 filter paper. The two 
cores were capped and returned to the field where they were buried for 24 hours. After 
the incubation period these cores were extracted by the same method described above. 
Ammonium concentrations of extracts were determined colorimetrically (Hood-Nowotny 
et al. 2010). Nitrogen isotope ratios were determined by diffusing NH4
+
 in the extracts 
onto filter paper (Brooks et al. 1989), then analyzing the filter papers at the University of 
California-Davis stable isotope facility with a PDZ Europa ANCA-GSL elemental 
analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., 
Cheshire, UK). Gross ammonification rates were calculated using the equation: 
Gross ammonification rate = (M0-M) / t x (log (H0M / HM0) / log(M0/M)) 
where M0 is the mass of NH4
+ at initial extraction, M is mass of NH4
+ after incubation, t 
is time of incubation, H0 is mass of 
15NH4
+ at initial extraction, and H is mass of 15NH4
+ 
after incubation (Kirkham and Bartholomew 1954).  
Potentially mineralizable N (PMN) was determined with a 7-day anaerobic 
incubation (Keeney and Bremner 1966). Soil subsamples from the sampling for gross N 
mineralization described above were sieved to four mm, air-dried at room temperature, 
and stored at 4°C for 5-7 months until measurements could be made. Prior to PMN 
incubation the pre-existing NH4
+
 concentration of the soil was determined by extraction 
of 5.0 g of soil with 40 mL of 2 mol L
-1
 KCl solution by shaking at 150 rpm for one hour, 
and filtration through Whatman No. 42 filter paper. The incubation consisted of a 5.0 g 
soil sample that was submerged under 20 mL of de-ionized water and incubated at 40°C 
for seven days, after which the soil was re-suspended with a vortex shaker. The soil + 
water solution was extracted with 20 mL of 4 mol L
-1
 KCl solution by shaking and 
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filtration as described above. Ammonium concentrations in the KCl solutions were 
determined by colorimetry (Hood-Nowotny et al. 2011). Total soil organic C was 
measured on the same soil samples used for N mineralization measurements, and was 
determined by dry combustion elemental analysis in a LECO Truspec CHN analyzer 
(LECO Corp. St. Joseph MI, USA). All soil analyses were scaled to a per unit area basis 
using soil bulk density measurements taken in the fall of 2014 (data not shown).  
Long-term (2003-2012) data on both N inputs and corn yields were analyzed by 
repeated measures ANOVA. Block was a random factor, and year and cropping system 
were fixed factors. Experimental plots were treated as the units upon which repeated 
measurements were made, and an auto-regressive covariance structure was selected based 
on Aikake’s information criteria (AIC). Gross N mineralization, soil inorganic N pools, 
and membrane-sorbed NO3
-
 were natural-log-transformed to improve normality and 
reduce heterogeneity of variances. Potentially mineralizable N data did not require 
transformation. The soil N data were then analyzed by split-plot repeated measures 
ANOVA, where the experimental plot was the main plot and depth was the split plot, the 
repeated factor was measurement event within depth, with year, cropping system, and 
depth treated as fixed factors and block as a random factor. As gross N mineralization 
and PMN were measured in only one year, the year factor was omitted from these 
analyses. AIC was again used to select covariance structures, and selected structures were 
either first order auto-regressive or compound symmetry. Inorganic N pools at individual 
sampling dates were also analyzed separately with ANOVA, where cropping system was 
a fixed factor and block was a random factor. The relationship between SOC and the N 
mineralization assays was analyzed by ANCOVA, where cropping system, depth, and 
39 
 
date were fixed factors and soil C was included as a continuous covariate. Additionally, 
residuals from the SOC - N mineralization relationship, after values were summed over 
the two depths, were utilized for further comparison with corn N parameters, as described 
below. 
Corn total N content, N uptake rate, and leaf N concentrations were analyzed with 
a repeated measures analysis where year, cropping system and date were fixed factors 
and block was a random factor. Corn N content and N uptake rate data were natural-log-
transformed prior to analysis. Sampling date was considered a repeated measure and a 
compound symmetry covariance structure was utilized. Relationships between soil and 
plant parameters were analyzed by ANCOVA. A model similar to that described above 
was utilized for the plant N analyses, except the soil inorganic N, moisture, N 
mineralization, or residuals for N mineralization from the SOC – N mineralization 
analysis were added as covariates. Data for each soil depth were summed to generate a 
single value for each experimental plot. All analyses were performed in proc MIXED of 
SAS 9.2 (SAS Institute Inc., Cary, NC). 
 
Results 
Crop Response to Cropping System 
 The diversified 3-year and 4-year cropping systems increased corn yields with 
lower synthetic N inputs relative to the 2-year system (Fig. 3-1). Consideration of N 
added with composted manure reduced the difference in N additions between systems, 
yet over 12 years the 2-year cropping system still received 8% greater fertilizer N 
additions than the diversified systems. Despite lower inorganic N fertilizer additions, 
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corn grain yields from 2002-2014 were 3% greater in the diversified systems compared to 
the 2-year system. Corn grain yields over the course of the experiment have typically met 
or exceeded county average grain yields. In the two years of this study, grain yields 
averaged 10.9, 11.4, and 12.1 Mg ha
-1
 yr
-1
 in the 2-year, 3-year, and 4-year rotations, 
respectively, surpassing the Boone County average yield of 10.5 Mg ha
-1
.  
 In accordance with the patterns observed for grain yield, the peak corn N content 
was greater in 4-year and 4-year diversified systems compared to the 2-year system over 
the 2013-2014 growing seasons (p=0.03, Fig. 3-2). The maximum rate of N uptake by 
corn followed the same trend and was significant at p=0.08. In 2013 corn in the 4-year 
system tended to take up N at a greater rate than the other cropping systems over the 
course of the entire growing season, while in 2014 corn N uptake rates in the 3-year and 
4-year systems tended to be greater than in the 2-year system from mid-June (V8) 
through mid-August (R3). Corn N uptake rate peaked between 875 and 1000 GDDs in all 
systems and years, and ceased after 1450 GDDs in 2013 and 1375 GDDs in 2014.  
 Corn leaf N concentration followed a pattern of gradual decline over the growing 
season in all systems in both years (Fig. 3-3). Leaf N concentrations were significantly 
different in the cropping systems (p=0.03), where the 4-year cropping system had the 
highest leaf N concentration, the 3-year had the lowest, and the 2-year system had an 
intermediate leaf N concentration. The system effect was due to differences in the early 
part of the growing season: corn leaf N concentration was greater in the 2-year and 4-year 
systems than the 3-year system at the first two sampling dates of both years (late May and 
early June).  
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Cropping System Effects on Soil N & Moisture Dynamics 
Gross N mineralization rates over the 0-20 cm depth were not different among the 
three cropping systems (Fig. 3-4). However, the distribution of gross N mineralization 
over depth was different by system, with a greater proportion of total gross N 
mineralization occurring in the 0-10 cm depth vs. the 10-20 cm depth in the 2-year 
system while in the diversified systems gross N mineralization was similar in the two 
depths. Gross N mineralization from 0-20 cm was significantly different over the three 
sampling dates, with observed average rates of 14, 17, and 11 kg N ha
-1
 d
-1
 on the June, 
July, and August sampling dates, respectively.  
Potentially mineralizable N was significantly greater in the diversified systems 
compared to the 2-year system (p=0.0001) (Fig. 3-5). The system differences were 
caused by large system effects at the 10-20 cm depth. In the 2-year system PMN was 
relatively high in 0-10 cm and much reduced in the 10-20 cm depth, but in the diversified 
systems PMN was similar in the two depths. Differences in PMN were detected among 
the three sampling dates, where PMN was greatest in early June and lower at the July and 
August dates. 
Gross N mineralization and PMN were both positively correlated with soil 
organic C, and the relationship was consistent for all cropping systems (Fig. 3-6). When 
the effect of SOC on gross N mineralization rate was taken into account by including 
SOC as a covariate, there was a significant interaction between cropping system and 
SOC, meaning that gross N mineralization was greater in the diversified rotations at 
higher levels of SOC (p=0.03) (Fig. 3-7). 
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Total inorganic N pool (0-30 cm) was greater in the 2-year cropping system 
compared to the diversified systems (p=0.016). The cropping system effect was apparent 
early in the growing season of both years, as demonstrated by the significant effect 
detected at the first six out of eight sampling dates in 2013 and the first four sampling 
dates in 2014 (Fig. 3-8). Later in the growing seasons the cropping systems exhibited 
similar patterns in inorganic N pool size. In 2013, inorganic N concentrations remained 
high in the top 0-10 cm of soil following broadcast side-dress fertilization until mid-
August, after which inorganic N concentrations were less stratified (data not shown). In 
2014, the inorganic N pools were generally much reduced compared to 2013, and after 
the initial difference in inorganic N pool size the cropping systems maintained similar 
patterns where pools declined through the season, apart from a brief increase in the size 
of the inorganic N pool following side-dressed fertilizer application in mid-June. Nitrate 
sorbed by AEMs was similar in magnitude in the two growing seasons (Fig. 3-9). A 
system effect was observed where a greater amount of nitrate was sorbed in the 2-year 
system compared to the diversified systems (p=0.0005). In general the temporal 
dynamics of AEM-sorbed nitrate followed the patterns observed for soil nitrate 
concentration, with relatively high amounts sorbed early in the growing season and lower 
amounts sorbed after July (data not shown). 
Soil moisture was variable over the growing seasons (Fig. 3-10), with 
significantly greater soil moisture (0-30 cm) levels in the 2014 season (p=0.0002). In 
2013, soil moisture was relatively high (~0.3 g H2O g
-1
 soil) to start the growing season, 
but gradually declined throughout late June and July in the absence of significant 
precipitation. Isolated precipitation events in July and August temporarily increased soil 
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moisture before it declined again to low levels (<0.18 g H2O g
-1
 soil). In 2014, frequent 
significant precipitation events throughout the growing season maintained relatively high 
soil moisture levels (>0.22 g H2O g
-1
 soil) with the exception of one sampling event in 
mid-July. Cropping system significantly impacted soil moisture in 2013 only, where the 
4-year system had greater moisture content than the 2-year system and the 3-year system 
was intermediate. 
Relationships Between Corn Nitrogen and Soil Parameters 
 The corn N uptake parameters were not significantly related to either of the soil N 
mineralization assays (Fig. 3-11). However, the relationships between the soil N 
mineralization assays and corn N parameters were also examined after accounting for the 
effect of SOC on N mineralization by extracting residuals from the predicted SOC-N 
mineralization relationships, and then examining the relationships between residual N 
mineralization and corn N parameters (Fig. 3-12). Residual gross N mineralization rate 
was positively related to total corn N content at the late August date (p=0.03) but not at 
the other two sampling dates. A similar trend was observed for corn leaf N concentration, 
where the relationship between residual gross N mineralization and leaf N concentration 
at the late August date was significant (p=0.05).  
 Soil inorganic N pool size (0-30 cm) was found to have no correlation with corn 
N content or corn N uptake rate in 2013 and 2014 (Fig. 3-13). Soil moisture (0-30 cm) 
was positively related to total corn N uptake (p=0.02) as well as the maximum rate of 
corn N uptake (p=0.003) over the 2013 growing season, but there was no significant 
relationship between corn N parameters and soil moisture in 2014 (Fig. 3-14). Cropping 
system did not significantly influence the soil moisture – corn N relationship in 2013. 
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Discussion 
Corn N uptake and yields were greater in the diversified cropping systems, 
supporting the common observation that corn grown in more diverse rotations can 
achieve greater yields than corn in less diverse rotations (Copeland and Crookston 1992, 
Smith et al. 2008, Stanger and Lauer 2008, Grover 2009, Davis et al. 2012). Despite the 
established nature of the cropping system diversification effect, this effect remains 
enigmatic with multiple potential mechanisms having been proposed (Bennett et al. 
2012). In this study we sought to investigate one potential mechanism: that the diversified 
cropping systems enhanced soil N cycling and thus provided a greater supply of plant 
available N during critical periods of corn N uptake.  
Overall we were not able to attribute the effects of cropping systems on crop 
growth to soil N parameters, and we reject the hypothesis that greater corn N uptake in 
diversified cropping systems is due to a greater N supply late in the growing season. 
While we did observe some influence of gross N mineralization on crop growth late in 
the growing season, this effect was not specific to the diversified cropping systems and 
thus cannot explain the diversification effect. Potentially available N as measured by 
PMN or soil inorganic N concentrations was not an important factor determining corn N 
uptake, as both PMN and soil inorganic N pool size were unrelated to crop N uptake at all 
sampling dates.  
Crop N uptake and yield could be enhanced in diversified systems by mechanisms 
other than soil N availability, and promising alternative explanations that are deserving of 
further research include differences in crop root health, beneficial microbial communities, 
spatial synchrony between N supply and roots, and soil water dynamics. Greater crop 
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root health could enhance the effectiveness of root N uptake, and crop rotations have 
been shown to reduce the soil-borne disease and pest pressure in corn crops (Sumner et 
al. 1990, Pikul et al. 2005). Root health and nutrient uptake efficacy could also be 
enhanced by changes in beneficial microbial communities. For example, mycorrhizal 
fungi may maintain more symbiotic and less parasitic characteristics when crops are 
rotated (Johnson et al. 1992). Crop autotoxicity has also been shown to be an important 
yield-determining factor in some crop monocultures (Bennett et al. 2012), but as this 
experiment did not include any monocultures it is unlikely that autotoxicity played an 
important role.  
Improved synchrony between available N in the soil solution and crop root 
functioning could also result in increased crop N uptake and yield. Measurements of corn 
root length density in this experiment showed much greater concentration of corn roots in 
the surface 10 cm of the simple cropping system, whereas the diversified systems had 
roots more evenly distributed in the soil profile (Lazicki 2011). This is the same pattern 
over depth observed in the N mineralization assays presented here, which suggests that 
flexibility in crop rooting characteristics enables spatial synchrony between uptake 
demand and plant-available soil N supply. Alternatively, corn may exhibit greater rooting 
depth following alfalfa, as alfalfa has a deep taproot that opens biopores (McCallum et al. 
2004), which could increase the rooting penetration by a subsequent crop. This may 
enable the crop to draw a greater portion of its nutrient requirements from deeper soil 
layers. 
Soil moisture may have been an important factor determining the cropping system 
effect in the dry 2013 growing season, as greater moisture availability in the diversified 
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rotations could have enhanced N uptake (Engels and Marschner 1995), thus preventing 
reductions in leaf area duration and yield (Wolfe et al. 1988). It is likely that limited soil 
moisture in 2013 ensured that water limitation was a major factor limiting the corn crop’s 
ability to grow and obtain N. Thus enhancing a crop’s access to soil moisture should be a 
priority of management in rainfed agricultural systems, as soil moisture is likely to be the 
most important yield determining factor in relatively dry years (Egli and Hatfield 2014). 
Diverse crop rotations have been shown to improve soil retention of plant available water 
through changes to soil structure, including porosity (Ball et al. 2005). Rotation of corn 
with deep rooted crops such as alfalfa may also enable corn to obtain more of its water 
demand from deeper soil layers, thus preserving higher soil moisture levels in the surface 
layers. Examination of water dynamics in deeper soil depths could give insight into 
cropping system effects on soil moisture.  
While soil N measurements could not explain the cropping system effect on corn 
yield, our data do suggest that there may have been some influence of gross N 
mineralization on crop growth across all the cropping systems, particularly late in the 
growing season. Specifically, gross N mineralization rates were positively related to 
several corn N parameters after accounting for the dominant effect of SOC on gross N 
mineralization in late August. Importantly, the late August date coincided with relatively 
low inorganic N pools in all systems. Under such conditions of small plant available N 
pools, N mineralization may take on greater importance in provisioning the crop with N. 
Indeed, recent advancements in understanding N mineralization suggest that in more N-
limited environments plants are able to rely on active competition with microbes for 
inorganic N resources (Schimel and Bennett 2002). Additionally, the timing of the gross 
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N mineralization differences may be particularly important for determining corn yield, as 
late season limitations in corn N uptake can be an important yield determining factor 
(Subedi and Ma 2005a). The ability of a corn crop to continue taking up N late in the 
growing season, thus maintaining N concentrations in leaves and a greater photosynthetic 
capacity, has been popularly deemed the “stay-green” effect (Rajcan and Tollenaar 1999, 
Subedi and Ma 2005b). Sufficient N and water supply can enable corn to delay leaf 
senescence and achieve higher yields (Wolfe et al. 1988, Rajcan and Tollenaar 1999). 
However, in this study we were unable to identify a critical period during crop 
development in which differences in corn N uptake or leaf N concentration became 
apparent. Rather, it appeared that small differences were manifest relatively early in the 
vegetative growth phases and continued to accumulate through the reproductive phases, 
ultimately resulting in differences in total N uptake. In contrast to gross N mineralization, 
PMN was unrelated to crop N uptake at all sampling dates. This result contradicts several 
studies from agricultural systems that identified PMN as a relatively good predictor of 
plant N uptake or crop yield (Keeney and Bremner 1966, Spargo et al. 2011, Culman et 
al. 2013, Sainz Rozas et al. 2008). The lack of relationship in the present study indicates 
that differences in potential net N mineralization did not translate into differences in corn 
N uptake. 
Diversified cropping systems did enhance N mineralization rates in the present 
study. Increased gross N mineralization was observed in the diversified systems, but only 
at high SOC levels. The effect of a diversified cropping system on gross N mineralization 
was much more pronounced in a study from California (Burger and Jackson 2003). 
Another study from Michigan demonstrated greater N microbial activity and N-acquiring 
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enzyme activity in diversified systems (Tiemann et al. 2015), which could lead to 
increased gross N mineralization rates. Multiple studies have also demonstrated that 
application of animal manures can enhance gross N mineralization (Zaman et al. 1999, 
Habteselassie et al. 2006), but we did not observe increases in gross N mineralization 
with moderate applications of composted manure. In contrast to gross N mineralization, 
PMN was elevated by 26% in the diversified cropping systems compared to the simple 
cropping system. Long term cropping systems experiments in other temperate 
environments have similarly shown that net N mineralization is enhanced by diversified 
cropping systems (Spargo et al. 2011, Culman et al. 2013). Interestingly, both assays of N 
mineralization showed that N mineralization activity was highly stratified by depth in the 
simple cropping system, while in the diversified systems mineralization activity was 
similar over the two depths. Differences in tillage regime are likely the cause of the 
stratification differences (Table 3-1). Franzluebbers (2002) suggested that greater 
stratification of soil organic C and N could be an indicator of greater soil quality. 
However, in this study stratification of N mineralization activity, which was positively 
correlated with soil C and N, was greater in the simple cropping system that received 
greater synthetic N fertilizer and achieved lower corn yields. Thus stratification ratio is 
likely not a useful metric for comparison of soil quality in cropping systems that have 
significant differences in tillage regimes.  
While we were unable to identify a link between soil inorganic N pools and crop 
N uptake in our cropping systems, this topic has been the focus of extensive research, and 
several studies have shown significant positive relationships between soil inorganic N 
pools and corn yield (Blackmer et al. 1989, Magdoff 1991, Schröder et al. 2000, Culman 
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et al. 2013). These relationships can improve as the growing season progresses as crop N 
demand increases and soil inorganic N pools decrease (Culman et al. 2013). Importantly 
such relationships are frequently only applicable in a single cropping system, as 
management differences such as the inclusion of organic N sources can influence the 
relationship between soil inorganic N and crop N uptake (e.g., Bundy and Andraski 
1993). Additionally, the relationships are often weak suggesting that factors other than 
soil inorganic N pool size influence crop uptake and yield.  
Soil inorganic N pool sizes in the diversified systems were remarkably stable in 
the early part of the growing season from corn germination until sidedress N fertilization, 
despite active corn N uptake over this period where > 50 kg N ha
-1
 was acquired by the 
corn crop (Fig. 8). In contrast, the inorganic N pool declined significantly over this same 
period (by 24 kg N ha
-1
, 2013 and 2014 average) in the simple 2-year system. The 
difference between the simple and diversified systems could be due to greater N 
mineralization rates in the diversified systems replenishing the inorganic N pool. Such 
effects of diversified rotations on net N mineralization were observed on sandy loam soils 
in Michigan, where inorganic N pools in a diversified rotation exceeded those of a simple 
rotation due to enhanced net N mineralization (Culman et al. 2013).  
Reduced soil inorganic N pool sizes in the diversified systems early in the 
growing season suggest that losses of N from these systems might also be reduced, as the 
major loss pathways of NO3
-
, leaching and denitrification, are both enhanced by larger 
soil inorganic N pools (Di and Cameron 2002, McSwiney and Robertson 2005). 
Furthermore, as the majority of losses occur in the early part of the growing season 
50 
 
(Tomer 2003), reduced inorganic N pools at this time could have a proportionately large 
effect on overall system losses. 
 Our results demonstrated that membrane-sorbed NO3
-
 was highly correlated to 
soil inorganic N pool size, but did not seem to be influenced by N mineralization rate. 
The rate at which AEMs sorb NO3
-
 is a function of both NO3
-
 concentration as well as 
soil moisture and presumably simulates plant N availability (Johnson et al. 2005). An 
additional advantage is that AEMs can be deployed effectively for extended periods of 
time and can provide estimates of N availability that are integrated over time. Thus 
AEMs could simulate plant N uptake processes that are dependent on both N 
concentrations and soil moisture status and could prove useful as integrated indicators of 
soil inorganic N pools (Ziadi et al. 1999).  
As this experiment was a systems comparison, we were unable to separate the 
effects of N inputs and crop rotation. Thus our observations of soil and plant N dynamics 
in the diversified cropping systems may have been caused by crop rotation, additions of 
composted manure, or a combination of these two factors. The cropping systems 
investigated here were designed to simulate realistic agricultural enterprises and while the 
confounded factors preclude the investigation of effects of isolated changes in 
management, we believe the systems approach is particularly useful in agroecosystem 
investigations as it allows comparisons of realistic management systems rather than 
individual management practices whose piecemeal adoption may be unlikely. 
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Conclusions 
Corn obtained greater quantities of N and produce larger grain yields in diversified 
cropping systems despite smaller soil inorganic N pools, confirming the potential for 
diversification to enhance crop yield and reduce N losses. This cropping system effect 
was not caused by differences in N mineralization or soil inorganic N pools, thus there 
must be an alternative explanation for the ability of diversified cropping systems to 
increase plant N uptake. Particularly promising research directions addressing this effect 
include investigation of crop rooting characteristics, soil water dynamics, and plant-
microbe interactions in simple and diversified systems. While not important to the 
cropping system effect observed in our study, gross N mineralization did appear to be a 
contributing factor in determining corn N uptake, particularly later in the growing season. 
Neither soil inorganic N pool size nor potentially mineralizable N were significant factors 
determining corn N uptake. Across the entire experiment gross N mineralization was not 
significantly different among cropping systems, but gross N mineralization was greater in 
the diversified systems at higher levels of SOC. Potentially mineralizable N was greater 
in the diversified systems due to much greater levels in the 10-20 cm soil depth.  
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 Tables and Figures 
Table 3-1. Nitrogen fertilizer applications and tillage operations at the Marsden cropping 
systems experiment in the 2013 and 2014 growing seasons. 
Cropping 
System Rotation N fertilizer applications* Tillage operations† 
  
2013 2014 2013 2014 
  
----(kg N ha
-1
)---- 
  2-year Corn-soybean 112, UAN, 
5/15/13 
112, UAN, 
4/21/14 
CP,  
10/23/12 
CP,  
11/12/13 
  112, UAN,  
6/28/13 
56, UAN, 
6/11/14 
FC,  
5/15/13 
FC,  
4/21/14 
 System Total 224 168   
3-year Corn-soybean-
oat/red clover 
95, CM, 
10/23/12 
163, CM, 
10/29/13 
CP,  
10/23/12 
MP,  
11/11/13 
  84, UAN, 
6/28/13 
28, UAN, 
6/11/14 
MP,  
10/24/12 
CP,  
11/12/13 
    FC,  
5/15/13 
FC,  
4/21/14 
 System Total 179 191   
4-year Corn-soybean-
oat/alfalfa-alfalfa 
95, CM, 
10/23/12 
163, CM, 
10/29/13 
CP,  
10/23/12 
MP,  
11/11/13 
  56, UAN, 
6/28/13 
28, UAN, 
6/11/14 
MP,  
10/24/12 
CP,  
11/12/13 
    FC,  
5/15/13 
FC,  
4/21/14 
 System Total 151 191   
*CM = Composted manure (total N), UAN = Urea ammonium nitrate 
†CP=Chisel plow, MP=Moldboard plow, FC=Field cultivator 
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Figure 3-1. Long-term (2002-2014) mean nitrogen fertilizer additions and corn yields in 
the 2-year system (corn-soybean), 3-year system (corn-soybean-oat/red clover + manure 
application), and 4-year system (corn-soybean-oat/alfalfa-alfalfa). Over the 2002-2014 
period, ~5 times as much inorganic N fertilizer has been applied in the 2-year system as 
in the 3-year and 4-year systems (A.). At the same time average corn grain yields (at 155 
g kg
-1
 H2O) have been 3% higher in the 3-year and 4-year system (B.). Bars represent 
system means, error bars are standard error. 
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Figure 3-2. Corn N uptake (A and B) and rate of N uptake (C and D) over the 2013 and 
2014 growing seasons. Maximum corn N uptake, as indicated by the peak in corn N 
content, was greater in the diversified cropping systems when average across the 2013 
and 2014 growing seasons. Maximum N uptake rate, as indicated by the peak in corn N 
uptake rate, was different in the cropping systems when averaged over the 2013 and 2014 
growing seasons. 
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Figure 3-3. Corn leaf N concentration over the 2013 (A.) and 2014 (B.) growing seasons. 
The largest cropping system effects were observed early in the growing season. 
 
Figure 3-4. Gross N mineralization rates measured in 2014 were not significantly 
different in the cropping systems (A). However, the depth x system interaction was 
significant as a higher proportion of gross N mineralization occurred in 0-10cm depth in 
the 2-year system.  Gross N mineralization rate was also different by date with greatest 
rates occurring on July 8 (B). 
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Figure 3-5. Potentially mineralizable N (PMN) measured in 2014 was significantly 
greater in the 3-year and 4-year systems due to much greater PMN in the 10-20 cm depth 
(A). Date effect was also significant with greatest PMN at the June 11 date (B).   
 
 
Figure 3-6. Soil organic C was positively correlated with gross N mineralization rate (A) 
as well as potentially mineralizable N (B) across cropping systems and dates. 
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Figure 3-7. Greater slopes between SOC and gross N mineralization demonstrate that, at 
high SOC levels, diverse cropping systems had greater gross N mineralization rates (0-20 
cm) than the simple rotation. Regression equations for the cropping systems were as 
follows: 2-year: Gross N mineralization = 0.31 * SOC + 4.71, 3-year Gross N 
mineralization = 0.48 * SOC + 1.57, 4-year: Gross N mineralization = 0.64 * SOC – 
3.66. 
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Figure 3-8. Total soil inorganic N (NO3
-
 + NH4
+
) from 2013 (A) and 2014 (B). Asterisks 
indicate individual dates on which ANOVA detected significant cropping system effects 
on inorganic N pools. Inorganic N pool sizes were averaged across each growing season, 
illustrating that the overall system effect was significant over the two year study, with 2-
year > 3-year = 4-year (C). 
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Figure 3-9. Annual means of resin sorbed NO3
-
 were significantly different in the 
cropping systems, with 2-year > 3-year = 4-year. 
 
 
Figure 3-10. Gravimetric soil moisture content (colored circles) and precipitation (bars) 
for the 2013 and 2014 growing seasons. Soil moisture was significantly greater in the 4-
year system than the 2-year system in 2013. 
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Figure 3-11. Corn N content was not significantly related to gross N mineralization rate 
(A) or PMN (B). Corn leaf N concentration was also not related to gross N mineralization 
rate (C) or PMN (D). Shapes correspond to sampling dates: triangles are June 11, circles 
are July 8, and squares are August 28, 2014. 
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Figure 3-12. Residual gross ammonification rate (after accounting for soil C effect in 
each sampling date) was not significantly related to corn N content (A) or corn leaf N 
concentration (C), except on the August 28 date. Residual potentially mineralizable N 
(after accounting for soil C effect in each sampling date) was not significantly related to 
corn N content (B) or corn N uptake rate (D) in any sampling dates. Shapes correspond to 
sampling dates: triangles are June 11, circles are July 8, and squares are August 28, 2014. 
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Figure 3-13. Total maximum corn N content was not significantly related to annual 
average of the soil inorganic N pool (A). Similarly, corn N uptake rate was not 
significantly related to soil inorganic N pools (B). 
  
Figure 3-14. Total corn N uptake (A) as well as maximum corn N uptake rate (B) was 
significantly related to soil moisture (0-30 cm) in 2013 but not in 2014. 
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CHAPTER 4 
CAN MINERALIZATION OF SOIL ORGANIC NITROGEN MEET MAIZE 
NITROGEN DEMAND? 
 
Introduction 
Globally maize (Zea mays) receives higher inorganic N fertilizer inputs (mean 
rate 136 kg N ha
-1
) than any other cereal crop (FAO 2006). High N inputs to maize result 
from high crop N uptake demand; for instance a 10 Mg ha
-1
 crop will take up between 
~125 and 310 kg N ha
-1
 (Ciampitti and Vyn 2012). Maize N demand is so great that rates 
of N uptake in high yielding maize may exceed the potential rate of N supply from the 
soil.  
In fact, Magdoff (1995) argued that N supply from the soil organic matter (SOM) 
mineralization is insufficient to match N demand during the peak growth phase of maize. 
This argument is supported by studies demonstrating that rates of net N mineralization 
are typically much lower than rates of maize N uptake (Ma et al. 1999, Pang and Letey 
2000, Brye et al. 2003, Loecke et al. 2012). However, net N mineralization may not fully 
represent soil N supply, as illustrated by recent work that demonstrated that a cereal crop 
was able to accumulate a greater amount of added inorganic N than microbes by 
competing directly with microbes for inorganic N (Inselsbacher et al. 2010). If the rate of 
N supply from organic matter mineralization can meet or exceed the rate of N uptake of 
maize, dependence on inorganic N fertilizer could be greatly reduced. Despite the 
importance to N management a comparison of the rates of potential N supply and crop N 
uptake has not been undertaken.  
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Nitrogen can be supplied to a crop through application of inorganic N fertilizer, 
application of organic N fertilizer, such as animal manure, that is subsequently 
mineralized, or through the mineralization of native soil organic N. For example, 
15
N 
tracer studies show that N mineralized from SOM typically provides >50% the N 
assimilated by maize over a growing season despite large N fertilizer applications 
(Cassman et al. 2002, Stevens 2005, Gardner and Drinkwater 2009). The supply rate of N 
from organic N sources is limited by the rate at which organic N is mineralized by 
microbes into ammonium (NH4
+
), a process known as gross ammonification. The newly 
mineralized NH4
+
 is subject to various competing transformations: nitrification, 
immobilization into the microbial biomass, and uptake by plants (Robertson and Vitousek 
2009). Most agricultural N management strategies assume that only net N mineralization 
– the mineral N remaining from gross ammonification after microbial immobilization 
demand has been satisfied – is available to plants. That is, plants are only able to access 
mineralized N that exceeds microbial demand. For this reason much research effort has 
focused on using net N mineralization as a predictor of plant available N (Olfs et al. 
2005), and multiple comparisons of cumulative seasonal net N mineralization and maize 
N uptake show that maize N uptake consistently exceeds net N mineralization (Ma et al. 
1999, Brye et al. 2003, Loecke et al. 2012). Based on this assumption that maize N 
demand exceeds the supply of N from the soil, conventional N management strategies 
aim to use inorganic N fertilizer applications to optimize inorganic N pool size and thus 
prevent shortfalls in N supply. 
The use of net N mineralization measurements to estimate N supply is 
problematic if the crop can successfully compete with microbes for a limited supply of 
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inorganic N. Plants can effectively compete with microbial immobilization for NH4
+
 in 
natural systems (Kaye et al. 1997), and recent laboratory studies demonstrated successful 
competition by agricultural crops (Xu et al. 2007, Inselsbacher et al. 2010). In these 
situations direct measurement of gross ammonification rates may provide a better 
indication of the potential N supply than net N mineralization assays. Gross 
ammonification rate  cannot be determined by net N mineralization as each of the N 
consumption processes that compete for mineralized NH4
+
 occur simultaneously and 
depend on a number of factors (Mary and Recous 1994, Schimel and Bennett 2004). The 
distinction between gross ammonification and net N mineralization is further illustrated 
by the weak correlation between gross ammonification rates and net N mineralization 
rates (Booth et al. 2005). Thus, efforts to predict the supply of inorganic N using net N 
mineralization measurements could lead to false conclusions regarding the true N 
supplying capacity of soil. Investigation of the true inorganic N supplying capacity of the 
soil, i.e. gross ammonification, could provide insights to help address the failure of 
traditional agricultural N management strategies to achieve high levels of synchrony 
between crop N demand and N supply (Cassman et al. 2002).  
Here, we directly test the prediction that the potential rate of soil N mineralization 
is less than the peak rate of crop N uptake. We utilized a long-term experiment in Iowa, 
USA, to examine the relative rates of maize N uptake and gross ammonification in three 
cropping systems that vary in crop rotation, N management, and SOM dynamics (Lazicki 
2011, Davis et al. 2012). Our experiment site was particularly well suited to address this 
question because diversified cropping systems that utilize organic N fertility sources can 
maintain relatively small inorganic N pools yet still achieve high maize N uptake 
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(Sanchez et al. 2004). We measured gross ammonification to a depth of 80 cm, and 
compared this to peak maize N uptake rates. Our goals were to: 1.) to investigate how 
maize N demand compares to the potential supply of inorganic N as measured by gross 
ammonification and 2.) to explore the effect of conventional and alternative maize-based 
cropping systems on the relative rates of maize N uptake and soil gross ammonification.  
 
Methods 
The Marsden Farm cropping systems experiment was established in 2002 in 
Boone County, Iowa, USA (42°01’ N, 93°47’ W), and consisted of three cropping 
systems: a 2-year maize-soybean (Glycine max) rotation that utilized a conventional N 
fertilizer management program, a 3-year maize-soybean-oat (Avena sativa)/red clover 
(Trifolium pratense) rotation with composted manure application, and a 4-year maize-
soybean-oat/alfalfa (Medicago sativa)-alfalfa rotation with composted manure 
application (Liebman et al. 2008, Davis et al. 2012). A 104-day maturity maize hybrid 
(Viking 72-04N) was planted at 79,600 seeds ha
-1
 on 4/22/2014. Inorganic N fertilizer 
(112 kg N ha
-1
 as urea or urea-ammonium-nitrate) was applied at maize planting in the 2-
year system only, while composted cattle manure (12-year mean 11.5 ton dry weight ha
-1
, 
164 kg total N ha
-1
) was applied in the fall preceding maize planting in the 3-year and 4-
year systems. Soil testing was used to determine supplemental inorganic N fertilizer 
application rates in all three systems (Blackmer et al. 1997). During the 2014 growing 
season 56 kg N ha
-1
 was applied in the 2-year system and 28 kg N ha
-1
 applied in the 3- 
and 4-year systems on June 11, 2014 as urea-ammonium-nitrate solution (28% N), so that 
total inorganic N fertilizer application was 168 kg N ha
-1
 in the 2-year system and 28 kg 
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N ha
-1
 in the 3- and 4-year systems, respectively. Soils consist of loam and clay loam 
Mollisols with 4.0-7.9% organic matter. Additional management details can be found in 
Appendix 1. The experiment was arranged in a randomized complete block design with 
all entry points of the three crop rotations (i.e. all crops within each of the rotations) 
represented in four replicate blocks in each year of the study. Plots measured 18 m × 85 
m. 
Maize N uptake rate was determined by sequential sampling of aboveground plant 
materials and subsequent fitting of mathematical functions to growth data (Hunt 1982). 
Four whole maize plants were sampled from each plot on 10 dates during the 2014 
growing season. Sampling intervals were chosen to coincide with plant growth stages V1, 
V4, V8, V11, V17, R1, R2, R4, R5, and R6 (Abendroth et al. 2011). Samples were dried 
at 60°C and weighed, then total N in aboveground biomass was determined by 
homogenizing the entire plant sample and analyzing a subsample for N concentration by 
dry combustion elemental analysis in a LECO Truspec CHN analyzer (LECO Corp. St. 
Joseph MI, USA). Nitrogen content was then plotted against accumulated growing degree 
days (GDDs) (Base T=10°C, Max T=30°C) for the sampling dates as recorded by a 
weather station located ~1km from the experimental site. Curves were then fit to plots of 
total N content against GDDs for each experimental plot using the Beta function (Yin et 
al. 2003) in SigmaPlot 11.0 (Systat Software Inc., London, UK). Uptake rate of N was 
determined by taking the derivative of the N mass curve. Maximum potential daily N 
uptake rate was estimated by multiplying the peak N uptake rate as determined by the N 
uptake curve by the maximum daily GDDs observed during the growing season (16.3 
GDD). Maize N uptake estimates were conservative as they did not take into account root 
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N, which typically comprises 15-20% of total plant N (Sanchez et al. 2002, Loecke et al. 
2012). Maize yield was determined from the central six rows of the plots using a combine 
harvester and weigh wagon, and yields were corrected to a moisture content of 155 g H2O 
g
-1
 grain. 
Gross ammonification rates were measured using the pool dilution method (Hart 
et al. 1994) within one week of the peak corn N uptake rate. Soil sampling consisted of 
35, 0-80 cm depth cores (18 mm diameter) taken randomly throughout the plots on July 
18-21, 2014 which were split into three depths (0-20 cm, 20-50 cm, and 50-80 cm), 
bulked by depth and stored at 4° C. Soils were sieved to <8mm, and within seven days of 
sampling triplicate cores (3 cm diameter x 5 cm depth) were re-packed with field moist 
soil (moisture content ranged from 0.18 to 0.30 g H2O g
-1 soil) to a bulk density of 1.24, 
1.30, and 1.36 g cm-3 for the 0-20 cm, 20-50 cm, and 50-80 cm depths, respectively, 
based on data collected in 2007 (data not shown). Preliminary data showed sieving and 
re-packing of cores was required due to high variability in inorganic N concentrations 
between intact paired soil cores, which violated a methodological assumption of 
equivalent inorganic N concentrations. After re-packing, soil cores were injected with 
15NH4 solution (5 mL of 30 mg NH4-N L
-1 at 4% APE), whereby a side-port needle (15 
cm length) was inserted into the core and slowly extracted as solution was injected to 
distribute solution throughout the core. Five injections of 1.0 mL each were made. The 
solution increased soil moisture content by 0.1 g H2O g
-1 soil. Initial 15N and recovery 
was determined after 10 minutes, where one core per plot was homogenized by mixing in 
a plastic bag, then a 20 mg dry soil equivalent subsample was extracted in 100 mL 2 mol 
L- 1 KCl, shaken on a reciprocal shaker at 150 rpm for one hour, and subsequently filtered 
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through Whatman No. 42 filter paper. The two remaining cores were capped and 
incubated at 25°C for 24 hours, then extracted by the same method. Ammonium 
concentrations of extracts were determined colorimetrically (Hood-Nowotny et al. 2010). 
Nitrogen isotope ratios were determined by diffusing NH4
+ in the extracts onto filter 
paper (Brooks et al. 1989), then analyzing the filter papers at the University of California-
Davis stable isotope facility with a PDZ Europa ANCA-GSL elemental analyzer 
interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., 
Cheshire, UK). Gross ammonification rates were calculated using the equation: 
Gross ammonification rate = (M0-M) / t x (log (H0M / HM0) / log(M0/M)) 
where M0 is the mass of NH4
+ at initial extraction, M is mass of NH4
+ after incubation, t 
is time of incubation, H0 is mass of 
15NH4
+ at initial extraction, and H is mass of 15NH4
+ 
after incubation (Kirkham and Bartholomew 1954). Gross ammonification rate was 
determined separately for the duplicate cores. Values were converted to per ha basis using 
bulk density values measured in fall 2014 when bulk density was found to be 1.17, 1.22, 
and 1.33 g cm-3 for the 0-20 cm, 20-50 cm, and 50-80 cm depths. Excess gross 
ammonification was determined by calculating the difference between gross 
ammonification rate and maximum maize N uptake rate. 
 Gross ammonification rate was analyzed with split plot ANOVA, where 
individual plots were the main plot and depths were the split plot, with cropping system 
and depth treated as fixed factors and blocks treated as a random factor. Data were square 
root transformed to fulfill the assumption of normality of variance. Maximum maize N 
uptake rate, excess gross ammonification, and N uptake as a percentage of gross 
ammonification were analyzed by ANOVA with treatment as a fixed factor and block as 
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a random factor. Analyses were done using proc MIXED of SAS 9.2 (SAS Institute Inc., 
Cary, NC). 
Results 
Gross ammonification rate was greatest in the 0-20 cm depth, intermediate in the 
20-50 cm depth, and lowest in the 50-80 cm depth (p<0.001, Fig. 4-1). On average, the 0-
20 cm, 20-50 cm, and 50-80 cm layers of soil accounted for 63%, 24%, and 13% of total 
gross ammonification, respectively. Mean gross ammonification was not significantly 
different among the three rotations (p=0.44), but trended towards greater ammonification 
in the extended rotations compared to the 2-year rotation; the average gross 
ammonification rate of the 3- and 4-year rotations was 27% greater. Across the three 
rotations the average total gross ammonification for the 0-80 cm depth was 23 kg N ha
-1
 
d
-1
. The rotation x depth interaction was not significant (p=0.62).   
 Maize N uptake rate peaked for all plots between 832 GDDs (July 24) and 917 
GDDs (July 31), with an average of 877 GDDs (July 27) (Fig. 4-2) which coincided with 
the R2 stage of corn development. In contrast to the average gross N mineralization rate 
of 23 kg N ha
-1
 d
-1
, maximum maize N uptake rates ranged from 3.6-5.7 kg N ha
-1
 d
-1
 and 
averaged 4.4 kg N ha
-1
 d
-1
 across the cropping systems (Fig. 4-3). While maximum N 
uptake rates were not significantly different in the three cropping systems (p=0.13, Fig. 4-
3), there was a trend for greater maximum maize N uptake rate in the extended rotations 
compared to the 2-year rotation. Maize grain yields averaged 12.8, 13.2, and 13.6 Mg ha
-1
 
in the 2-, 3-, and 4-year systems, respectively. Maize grain yields compared favorably 
with the county average yield of 11.4 Mg ha
-1
. 
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Gross ammonification exceeded maximum crop N uptake in all plots, with excess 
gross ammonification ranging from 5.2 – 36 kg N ha-1 d-1 with an overall average of 18 
kg N ha
-1
 d
-1
 (Fig. 4-4). Cropping system effects on excess gross ammonification were 
not significant (p=0.36). Maize N uptake as a percentage of gross ammonification was 
not significantly different in the three rotations (p=0.58), averaging 19% across the 
rotations and ranging from 10% to 50% in the individual plots (Fig. 4-5).  
 
Discussion 
Our comparison of rates of maize N uptake and potential gross ammonification 
indicated that maize N uptake was a relatively small proportion of the potential rate of N 
mineralization. This result suggests that microbial production of NH4
+
 could potentially 
be sufficient to meet maize N demand. As maize required only 12-60% of total gross 
ammonification in this study, we believe there exists an opportunity to decrease 
dependence on inorganic N fertilizers through high gross N cycling rates and enhanced 
crop competitiveness for mineralized N. Enhancing reliance of crops on mineralized 
organic N is a long-standing and on-going goal of strategies for efficient N management 
(Lowrance et al. 1984, Drinkwater and Snapp 2007), but these strategies have focused on 
net N mineralization and thus may underestimate the potential that exists for increasing 
reliance on N mineralization. Furthermore, the weak correlation between gross 
ammonification and net N mineralization (Booth et al. 2005) indicates that use of net N 
mineralization data to estimate potentially plant available N may lead to significant 
errors. We contend that an increase in efforts to measure gross ammonification rates 
could advance understanding of potential crop N availability. However, the 
15
N pool 
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dilution method that is currently used to measure gross N cycling rates is both time 
consuming and costly. New techniques utilizing spectroscopy may reduce costs and 
accelerate the measurement of gross ammonification (Kira et al. 2014). Additionally, the 
development of reliable indicators of gross ammonification could enable broader 
investigation of gross N cycling (Zaman et al. 1999, Luxhøi et al. 2006). 
Gross ammonification rate and the degree to which maize plants are able to 
compete with other N consumption processes will determine whether gross 
ammonification is sufficient to meet crop N demand. Both gross ammonification and net 
N mineralization rates are enhanced in soils with high concentrations of organic 
substrates (Murphy et al. 2003, Booth et al. 2005, Zeller and Dambrine 2011), and 
agricultural management activities that increase labile organic matter, such as manuring, 
have been shown to enhance gross ammonification rates (Zaman et al. 1999, Flavel and 
Murphy 2006, Habteselassie et al. 2006). The ability of a crop to compete for mineralized 
N will depend on a number of factors including microbial immobilization demand, 
nitrification rate, and soil characteristics that determine the mobility of N species such as 
porosity, moisture, and clay content. Furthermore, it is likely that crop traits like root 
system morphology, quantity and quality of rhizodeposits, and N uptake efficiency could 
play an important role, suggesting an opportunity for breeding efforts to enhance 
fertilizer N use efficiency (Gregory 2011). Future research is needed to understand and 
predict how edaphic factors influence gross ammonification rate and the competitiveness 
of maize and other crops for mineralized inorganic N. 
Additional evidence from our research site suggests that inorganic N mineralized 
from SOM is often able to satisfy crop N demand despite net N mineralization rates that 
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are surpassed by crop N uptake (Loecke et al. 2012). In seven of the 12 years since the 
Marsden Farm cropping systems experiment was established, maize in the 3- and 4-year 
rotations did not receive inorganic N fertilizer during the growing season but still 
achieved yields equal to or greater than in the conventionally fertilized 2-year rotation 
despite soil NO3
-
 concentrations that were 33% lower (measured in June - data not 
shown). Furthermore, maize N fertilizer rate response trials in the US Maize Belt 
typically identify a significant proportion of sites where maize shows no yield response to 
inorganic N fertilizer (Lory and Scharf 2003, Sawyer et al. 2006). It is possible that in 
these non-responsive sites net N mineralization (or a combination of and net N 
mineralization and inorganic N carryover from the previous growing season) meets or 
exceeds maize N demand, despite evidence showing net N mineralization rates to be 
much lower than maize N demand. However, it is also possible that maize plants are 
meeting their N demand through competition with microbial immobilization. Further 
research is needed to discern if these observations support our contention that organic N 
mineralization can fully satisfy maize N demand. 
Cropping system did not have a significant effect on gross ammonification rate, 
although other studies have shown that multiple factors influence gross ammonification 
rates. In agroecosystems, management practices that include forage crops and organic 
matter amendments have been shown to increase gross ammonification rates (Burger and 
Jackson 2003, Habteselassie et al. 2006, Flavel and Murphy 2006). These effects of 
management are likely due in part to associated increases in SOM, as a meta-analysis 
found that total soil C and N explained a significant amount of variation in gross 
ammonification rate (R
2
=0.42) across a wide range of ecosystems (Booth et al. 2005). 
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The lack of a significant cropping system effect on gross ammonification in this study is 
likely due in part to limited cropping system effects on SOM (Lazicki 2011). High 
variability in gross ammonification measurements also restricted our ability to detect 
significant system effects. Additionally, measurement of gross ammonification at 
different stages of the growing season might enable observation of a cropping system 
effect.  
Gross ammonification rates from the maize agroecosystems in this study were 
relatively high compared to a collection of data from a range of agricultural ecosystems 
including grasslands and arable cropland (Booth et al. 2005). Measurements of gross 
ammonification in agricultural systems are much less common than net N mineralization, 
and are particularly scarce at soil depths greater than 20 cm. While the majority of gross 
ammonification occurred in the surface 20 cm of soil where OM is typically 
concentrated, the 20-80 cm soil depths contributed a significant portion (37%) of the total 
gross ammonification and this is likely to play an important role in crop N supply; it is 
also one reason our results are relatively high compared to Booth et al. (2005). 
Maize N uptake was measured in above-ground biomass only in this study. 
Adding root N at a rate of 20% of the aboveground N uptake (Loecke et al. 2012) only 
slightly increases crop N uptake relative to gross ammonification, as the crop would need 
to obtain 12-60% of gross ammonification. Our measurements were conducted under soil 
moisture and temperature conditions favorable for aerobic microbial activity, and did not 
address the influence of soil moisture conditions on gross ammonification rate. Drier soil 
conditions would reduce gross ammonification rates, and cooler conditions would also 
reduce microbial activity (Andersen and Jensen 2001, Booth et al. 2005); however, these 
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conditions would also reduce the rate of maize N uptake (Zhang et al. 2002). 
Additionally, we utilized root-free soil and thus likely underestimated true gross 
ammonification rates, as the presence of living maize roots has been shown to increase 
the supply of N from organic N pools (Sanchez et al. 2002). There was a discrepancy 
between the timing of the rates compared here, where peak maize N uptake occurred ~7 
days after gross ammonification rate measurements. However, this slight discrepancy 
does not invalidate our conclusions, as gross ammonification measurements from other 
dates during the growing season did not show a large departure from the rates observed 
this study (data not shown). Additionally, due to the broad shape of the maize N uptake 
curve a measurement date slightly before peak uptake does not translate into a large 
difference in maize N uptake rates; maize N uptake rate was 1-5% lower than the peak 
rate on the gross ammonification sampling day. 
 
Conclusions 
Inorganic N produced by gross ammonification of soil organic N was relatively 
high compared to maize N uptake, contradicting a common assumption of many N 
management strategies that maize N demand is greater than soil N supply. Across three 
maize-based cropping systems, gross ammonification rate was 3.4 to 4.5 times greater 
than the peak maize N uptake. The feasibility of meeting maize N demand during periods 
of peak uptake with internal N cycling will depend on the ability of the crop to capture 
mineralized NH4
+
. Further research should focus on further quantification of gross 
ammonification in agricultural systems, outcomes of competition events between crop 
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uptake and other fates of NH4
+
, and the effects of agronomic management on internal N 
cycling dynamics of agroecosystems.  
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Figures 
 
Figure 4-1. Gross ammonification rates at three depths in the three crop rotations. Gross 
ammonification was greatest in the 0-20 cm depth, intermediate in the 20-50 cm depth, 
and lowest in the 50-80 cm depth. Rates were not significantly different among crop 
rotation systems. Means and their standard errors are shown. 
 
 
Figure 4-2. Maize N uptake rates over the course of the growing season in the three 
cropping systems. Colored lines are cropping system means and shaded areas represent 
standard error of the mean. 
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Figure 4-3. Maximum maize N uptake rates were not significantly different in the three 
cropping systems (p=0.13) and averaged 4.4 kg N ha
-1
 d
-1
 across the systems. Daily 
values of maximum N uptake rate were calculated by multiplying peak N uptake rate by 
the maximum observed daily GDDs (16.3). 
 
Figure 4-4. Excess gross ammonification (0-80 cm gross ammonification rate minus 
maximum maize N uptake rate) were not significantly different in the three crop rotations 
(p=0.35). Means and their standard errors are shown. 
 
2 year 3 year 4 year
M
a
x
im
u
m
 N
 u
p
ta
k
e
 r
a
te
 (
k
g
 N
 h
a
-1
 d
-1
)
0
2
4
6
2 year 3 year 4 year
E
x
c
e
s
s
 g
ro
s
s
 a
m
m
o
n
if
ic
a
ti
o
n
 (
k
g
 N
 h
a
-1
 d
-1
)
0
5
10
15
20
25
30
35
86 
 
 
Figure 4-5. Maximum maize N uptake rate as a percentage of total gross ammonification 
rate (0-80cm) was not significantly different in the three crop rotations (p=0.6). Means 
and their standard errors are shown. 
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CHAPTER 5  
CAN SOIL ORGANIC MATTER QUANTITY AND QUALITY PREDICT POTENIAL 
NITROGEN MINERALIZATION? 
 
Introduction 
Release of plant available N through soil organic matter (SOM) mineralization 
can be a major factor determining productivity of agricultural systems, but N 
mineralization that is asynchronous with crop N demand can contribute large amounts of 
N to inorganic N pools that are vulnerable to loss and contribute to environmental N 
pollution (Cassman et al. 2002, Robertson and Vitousek 2009). Uncertainty regarding N 
mineralization potential is a major challenge to developing appropriate N fertilizer 
recommendations (Sawyer et al. 2005) and can potentially exacerbate inefficient fertilizer 
N use and concomitant N pollution; thus accurate estimation of potential N 
mineralization is important for optimizing N use efficiency as well as minimizing 
environmental N pollution. The development of predictors of net N mineralization, that 
is, the net change in soil inorganic N pool size over time, has been the focus of much 
research activity (Ros et al. 2011a, 2011b). In contrast to net N mineralization, little 
attention has been given to developing predictors of gross N mineralization, or the 
absolute rate of production of inorganic N. Gross N mineralization is a process of 
fundamental importance for understanding soil N dynamics and potential plant N 
availability, yet it is unknown if the relatively well-developed predictors of net N 
mineralization could also be used as predictors of gross N mineralization. In addition, 
recent efforts have been made to develop more rapid assays of gross N mineralization 
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(Kira et al. 2014), as gross N mineralization measurements are relatively difficult to 
perform and studies may be limited by logistical constraints. Thus the development of 
easily measurable predictors of gross N mineralization could prove especially valuable. 
Gross N mineralization is the release of NH4
+
 from soil organic matter (SOM) N  
due to microbial activity. In contrast, net N mineralization simultaneously integrates 
several microbially derived N fluxes such as gross N mineralization and microbial N 
immobilization. While net N mineralization has often been assumed to fully represent the 
release of plant available N from organic N pools (Drinkwater and Snapp 2007), there is 
evidence from natural and agricultural ecosystems that plants can successfully compete 
with microbial immobilization (Kaye and Hart 1997, Inselsbacher et al. 2010). There are 
other pathways that can affect the fate of inorganic N in addition to microbial 
immobilization, including leaching, denitrification, and volatilization (Robertson and 
Groffman 2007). Net N mineralization assays cannot account for N that is mineralized 
and subsequently lost via these pathways. Thus net N mineralization cannot fully capture 
the production of all plant available N by mineralization. In situations where plants must 
successfully compete with microbial immobilization and other consumption pathways, 
gross N mineralization may more accurately represent the potential for release of plant 
available N from organic N sources than net N mineralization.  
As the source of organic N for mineralization as well as the source of organic C 
that fuels microbial N immobilization, SOM quantity and quality are major factors 
influencing potential N mineralization (Ros et al. 2011b). Total soil C and N have 
frequently been found to correlate positively and strongly with net N mineralization 
potential (Sharifi et al. 2007, Schomberg et al. 2009, McDonald et al. 2014), and a 
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research synthesis found that gross N cycling rates generally correlated positively with 
total soil C and N as well as microbial biomass and respiration (Booth et al. 2005). A 
variety of strong and weak chemical extractants of soil inorganic N and organic C and N 
have also been investigated as potential predictors of net N mineralization, including 
KCl, CaCl2, and NaOH extractions of various molarities, the Illinois soil N test, and 
KMnO4 oxidation (Nyiraneza et al. 2012, McDonald et al. 2014), although these 
chemical methods are often not significantly stronger predictors than the total C and N 
content of the soil. Positive relationships between gross N mineralization and several soil 
organic matter parameters were identified for an array of Australian soils (Wang et al. 
2001). Soil biological measurements, such as soil respiration and microbial biomass, have 
also been related to soil net N mineralization potential with varying degrees of success 
(Sharifi et al. 2007, Schomberg et al. 2009), and soil respiration has been investigated as 
an index of gross N mineralization (Luxhøi et al. 2006). Physical fractionation of soil 
organic matter by size or density into what are considered relatively stable or labile pools 
can enable investigation of the relationship between N mineralization potential and these 
SOM pools (Wander et al. 1994, Sharifi et al. 2007, Schomberg et al. 2009). Soil physical 
properties, particularly soil texture and clay mineralogy, can influence C and N 
mineralization rates (Hassink 1994, Chen et al. 2014) and inclusion of texture 
information can improve the ability to predict N mineralization using soil chemical and 
biological properties, particularly across a wide range of soil types (Nyiraneza et al. 
2012). 
Newly developed techniques that utilize the fluorescence properties of some 
organic compounds have been shown to be related to chemical characteristics of SOM, 
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such as degree of aromaticity and molecular weight (Cannavo et al. 2004), and can 
indicate the biodegradability of SOM (Kalbitz et al. 2003), and thus could provide unique 
indicators of the N mineralization potential of SOM. Fluorescence measurements can 
quickly generate data-rich excitation-emission matrices (EEMs), from which multiple 
fluorescence indices (FIs) have been developed that associate with specific chemical 
characteristics of dissolved organic matter (Table 5-1). The fluorescence indicators of 
cold- or hot-water-extractable SOM may be related to N mineralization rates and could 
serve as an indicator of N mineralization, especially in combination with quantitative 
measures of SOM pools. While ultraviolet radiation absorbance is an optical 
measurement of SOM quality that has been previously investigated as an indicator of 
potential net N mineralization (Sharifi et al. 2007, Bushong et al. 2007, McDonald et al. 
2014), the ability of FIs to predict N mineralization has not been widely examined. 
Soil properties from widely varying sites could influence the relationship between 
soil organic matter properties and N mineralization potentials (Nyiraneza et al. 2012), 
thus it is important to investigate the universality of predictions of N mineralization 
across sites. Fertility management practices have been shown to cause changes in soil 
organic matter properties and in N mineralization potential, particularly over longer time 
scales; for example organic N amendments have been shown to increase labile organic 
matter pool size as well as quality of the organic matter pool (Wander et al. 1994, 
Chantigny 2003, Gregorich et al. 2003). Additionally, because relationships between 
SOM properties and N mineralization might be influenced by fertility management 
practices, and it is important to determine whether predictions of N mineralization are 
valid under widely differing management practices. A suite of predictors that each 
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address different sources of variability in potential N mineralization could be much more 
likely to capture variability caused by site and management factors than would a single 
predictor, and thus a multiple regression model may prove effective across widely varied 
sites and management practices. 
Multiple linear regression (MLR) techniques have the potential to greatly improve 
predictions of N mineralization (Schomberg et al. 2009). However, the simultaneous use 
of multiple SOM parameters to predict potential N mineralization through multiple 
regression presents a potential problem with multicollinearity, wherein the variance 
explained by individual predictors overlaps to a large degree (Graham 2003). 
Multicollinearity within MLR models disrupts the precise estimation of parameter 
coefficients and complicates functional interpretation of these coefficients, but it does not 
affect a MLR model’s ability to make accurate predictions of a response variable. Thus 
for analyses primarily concerned with prediction and not interpretation of relationships, 
multicollinearity is not of concern and MLR remains a powerful technique (Graham 
2003). Furthermore, as multicollinearity is not an issue when predictor variables are not 
highly correlated with one another, we contend that the utilization of highly distinct SOM 
quantity and quality measurements in a sequential model selection procedure could 
enable the use of MLR to improve prediction of N mineralization while also avoiding 
major issues of multicollinearity. 
In this study we utilized soil samples from a variety of long-term agricultural 
experiments in Israel and the US Midwest to examine the relationships between N 
mineralization (both net and gross) and a suite of soil organic matter quantity and quality 
measurements. Three hypotheses were tested: 1.) The same properties of SOM, including 
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quantity and quality of different SOM fractions, will predict potential gross and net N 
mineralization with similar predictive power; 2.) The relationships between SOM 
properties and N mineralization will not differ across widely varying agricultural soils 
from the US Midwest and Israel; and 3.) SOM predictors of potential gross and net N 
mineralization will not differ across agricultural systems that utilize both organic and 
inorganic fertility management strategies. 
 
Methods 
Six long-term cropping systems from two regions (US Midwest and Israel) were 
used in this study. Treatments in each experiment consisted of several cropping systems 
that differed in crop rotation and N fertility management (Table 5-2). Nitrogen fertility 
management was classified as either organic or inorganic, where organic management 
comprised any utilization of organic N fertility sources including manures, green 
manures, compost, and sludge. Inorganic management consisted of use of synthetic N 
fertilizers or treated wastewater with elevated concentrations of inorganic N. Soils were 
sampled (0-20 cm depth) in the fall of 2014. More than 20 soil cores were taken from 
each experimental plot and composited to create a representative soil sample. A total of 
59 plots were sampled. Soil samples were air-dried at 20°C and sieved to two mm prior 
to all measurements. 
Potential nitrogen mineralization 
Potential gross N mineralization was measured using the 
15
N pool dilution 
technique (Hart et al. 1994). Briefly, two samples of 25 g of soil were moistened to 60% 
water holding capacity and pre-incubated at 23°C for 24 hours. Following pre-incubation, 
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1.0 mL of NH4Cl solution (100 mg N L
-1
, 7.5% atom percent excess) was injected into 
the soil using a side-port needle in 10 ~0.1 mL injections. After 10 minutes, one of the 
duplicate samples was extracted with 2 mol L
-1
 KCl, and the second duplicate was 
extracted after 24 hours incubation at 23°C. Ammonium content of the extracts was 
determined by colorimetry (Hood-Nowotny et al. 2011), then the NH4
+
 in the extracts 
was diffused on PTFE enveloped acidified filter paper discs by raising the pH above 10 
using MgO (Stark and Hart 1996). Isotope ratio mass spectrometry was used to determine 
15
N enrichment, and the equations of Kirkham and Bartholomew (1954) were used to 
calculate gross N mineralization rates. 
Two methods have been widely employed to estimate net N mineralization: 
aerobic and anaerobic incubations. Results from comparative studies have found the two 
methods typically result in highly correlated estimates of N mineralization potential 
(Schomberg et al. 2009). Potentially mineralizable N (PMN) is a relatively easy to 
measure anaerobic incubation method for determination of net N mineralization that has 
been promoted as a good indicator of potentially plant available N (Keeney and Bremner 
1966, Bushong et al. 2007, Soon et al. 2007). In this study we used a 7-day anaerobic 
incubation to determine PMN (Schomberg et al. 2009). Prior to incubation pre-existing 
NH4
+
 concentration was determined by extraction of 5.0 g of soil with 40 mL of 2 mol L
-1
 
KCl solution for one hour, and filtration through Whatman No. 42 filter paper. A 5.0 g 
soil sample was submerged under 20 mL of de-ionized water and incubated at 40°C for 
seven days, after which the soil was re-suspended and the soil solution was extracted with 
20 mL of 4 mol L
-1
 KCl solution for one hour and filtered through Whatman No. 42 filter 
paper. Both pre- and post-incubation extracts were filtered through Whatman No. 42 
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filter paper, and NH4
+
 concentrations were determined by colorimetry (Hood-Nowotny et 
al. 2011). Potentially mineralizable N was calculated as the change in NH4
+
 concentration 
over the seven day incubation. 
Soil organic matter properties 
A suite of 38 SOM properties was measured (Table 5-3). Total soil C and N were 
determined by dry combustion elemental analysis in a LECO Truspec CHN analyzer 
(LECO Corp. St. Joseph MI, USA). Particulate organic matter (POM) and non-particulate 
organic matter (Non-POM) were separated by wet-sieving (Cambardella and Elliot 
1992). Briefly, POM between 2.0 mm and 0.53 mm in size was collected, where a 2.0 g 
soil sample was dispersed and passed through a 0.53 mm sieve under a stream of water, 
with material retained on the sieve considered the POM fraction. Soil material passing 
through the filter was collected as the non-POM fraction. POM and non-POM samples 
were dried at 50°C, weighed, and C and N contents were determined by dry combustion 
elemental analysis in a LECO Truspec CHN analyzer (LECO Corp. St. Joseph MI, USA). 
Soil respiration upon re-wetting (CO2 burst) was determined over 3-day and 7-day 
periods (Franzluebbers et al. 2000). Briefly, 8.0 g of air-dried and sieved soil was 
weighed into a cup and placed in a 0.25 L Mason jar. The jar lid was equipped with a 
sampling septum. The soil sample was wetted to 60% WHC, and the jar was immediately 
capped and incubated at 23°C. CO2 concentrations in the headspace were determined by 
extracting a 0.5 mL sample and injecting the sample into a LICOR 7000 CO2 analyzer 
(LI-COR Biosciences, Lincoln NE). 
Dissolved organic matter was extracted by sequential extraction (Rinot 2011). 
Briefly cold water extractable organic matter was first extracted, where 5.0 g of soil was 
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shaken with 35 mL 0.01 mol L
-1
 CaCl2 solution for one hour, centrifuged at 3000 rpm for 
20 minutes, then the supernatant was vacuum filtered through 0.45 μm polyethersulfone 
filters. The soil sample was then extracted with 35 mL of 0.01 mol L
-1
 CaCl2 at 80°C for 
four hours under gentle agitation, and centrifuged and filtered as described for the cold 
water extract to extract the hot water extractable organic matter. Water extracts were 
acidified to pH ~3 to remove inorganic C and frozen until analysis. Inorganic N 
concentrations in the water extracts were determined by colorimetry (Hood-Nowotny et 
al. 2011), and dissolved organic C and N were determined with a Shimadzu TOC-L 
analyzer equipped with a TN unit (Shimadzu, Kyoto Japan). Two replicates of each soil 
were analyzed for extractable C and N, as well as fluorescence. The resulting replicate 
values were averaged and the soil means were used for all statistical analyses. 
Fluorescence of the cold water and hot water extracts was determined using an 
Aqualog fluorometer (HORIBA Scientific, Kyoto Japan ) and one cm path-length quartz 
cuvettes. Excitation-emission matrices (wavelengths 240-600 nm) were generated at 3.28 
nm excitation intervals and 3.28 nm emission intervals with a one second integration 
time. Samples were diluted to ensure sample absorbance values at 254 nm did not exceed 
0.1 cm
-1
 to avoid inner filter effects (Borisover et al. 2012). The fluorescence signal of a 
blank standard of ultra-pure water was subtracted from the sample signal. Raman units 
normalization of the spectra was performed by dividing each spectra by the Raman peak 
integration area. The Raman spectra data was recorded for each analysis session. The 
humification index, Ohno’s modified humification index, fluorescence intensity, and 
freshness index were calculated from sample EEMs according to the formulas in Table  
5-1. 
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Statistical analyses 
All statistical analyses were performed using SAS 9.3 software (SAS Institute 
Inc., Cary NC). Inorganic N versus organic N treatment effects on potential gross and net 
N mineralization were analyzed by ANOVA, where potential mineralization rates were 
natural log transformed to satisfy assumptions of normality and homogeneous variance 
and site and management were considered as fixed effects. Treatments were classified as 
inorganic if they received exclusively inorganic N fertilizers, and were considered 
organic if they received organic N amendments such as manure, compost, or sludge. For 
this analysis, the Revadim site was not included because a treatment receiving only 
inorganic N fertilizer was not available. Simple linear correlations between potential N 
mineralization and the SOM quantity and quality measurements across all sites were 
investigated by pairwise correlations using Pearson’s r statistic. Stepwise multiple linear 
regressions (MLR) were performed using proc GLMSELECT in the SAS software, with 
cross validation specified as the model selection criteria. In this procedure potential 
models are generated by adding or removing predictor variables, and the cross validation 
predicted residual sum of squares (CVPRESS) is computed for each model. The variables 
thus selected are those that yield a model with the minimal CVPRESS score. 
Multicollinearity among the selected parameters in the MLR models was analyzed by 
considering variance inflation factors (VIF), where VIF = 1/(1-R
2
), where R
2
 is the 
coefficient of determination when the parameter in question is regressed against the other 
parameters in the model. A VIF > 10 was considered an indicator of severe 
multicollinearity (Izenman 2008). 
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Residuals plots were visually investigated to check for non-normality and 
inequality of variances. Potential differences between MLR predictions for sites and 
management were investigated by comparing individual regressions of predicted vs. 
observed N mineralization. Differences in intercepts and slopes of the regression lines 
were tested with analysis of covariance in SAS proc MIXED.  
 
Results and Discussion 
Potential gross N mineralization rates ranged from 2.08-12.6 mg N kg soil
-1
 d
-1
, 
while PMN ranged from 0.20-14.5 mg N kg soil
-1
 d
-1
. While under similar conditions net 
mineralization cannot exceed gross N mineralization in a given soil, in this study the 
conditions of the gross and net mineralization incubations were different, which explains 
the overlap of magnitude of gross and net N mineralization. Potential net N 
mineralization (as determined by PMN) was determined at a much higher incubation 
temperature than gross N mineralization, which likely increased PMN relative to gross N 
mineralization. Gross N mineralization and PMN were positively related, but only 
weakly (Fig. 1). The weak relationship is likely due to multiple factors including 
methodological differences (aerobic vs. anaerobic incubation conditions, duration of 
incubation), as well as the dependence of net N mineralization assays upon microbial 
NH4
+
 production and consumption, in contrast to gross N mineralization which depends 
only upon NH4
+
 production (Robertson and Groffman 2007). As NH4
+
 consumption 
processes can be influenced by a number of factors, especially soil organic matter quality 
(Robertson and Groffman 2007), net N mineralization is often poorly correlated with 
gross N mineralization (Booth et al. 2005). 
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The organic fertility management systems provided greater rates of N 
mineralization than the inorganic fertility management systems for both gross N 
mineralization (p=0.002) and PMN (p=0.004) (Fig. 2), which suggests that additions of 
organic N fertilizers, a widely investigated approach for enhancing N use efficiency 
(Drinkwater and Snapp 2007), can be an effective approach for enhancing potential gross 
and net N mineralization. Additionally, gross N mineralization rates were significantly 
different by (p=0.002), while PMN was not different among sites (p=0.23). The specific 
cause of the site difference for gross N mineralization is unknown, but is likely related to 
a combination of chemical and physical properties of soils from the different sites. Two 
such properties that could contribute to the site effect are soil organic C content and soil 
texture as these were significantly different in the sites (Table 5-2). However, the site by 
management interactions were not significant, with p=0.65 and p=0.52 for gross N 
mineralization and PMN, respectively. This lack of interaction indicated that organic 
fertility management consistently increased N mineralization potential across the highly 
diverse soils and environments. 
Correlation analysis demonstrated that significant (p<0.05) relationships between 
potential predictors and N mineralization were not always consistent for both gross and 
net N mineralization: while 12 of the 38 predictors demonstrated significant correlations 
with both gross and net N mineralization, 15 predictors were correlated with only one or 
the other. Additionally, we identified 11 potential predictors that were uncorrelated with 
both N mineralization assays (Table 5-4).  
In general, measures of the C and N content of labile fractions of SOM were 
positively correlated with both potential gross and net N mineralization. Particulate 
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organic matter C and N correlated with both gross N mineralization and PMN. 
Normalization of POM C and N by the total soil C and N did not improve correlation. 
Hot water extractable organic C and N were positively correlated to gross N 
mineralization and PMN, while the C:N ratio of this fraction was negatively correlated. 
Inclusion of the cold water extractable organic C with the hot water extractable fraction 
resulted in positive correlations, but correlations were not as strong as that found for hot 
water C alone. These results agree with previous research that has shown labile fractions 
of SOM are strongly positively correlated with potential net N mineralization, likely 
because these labile fractions are the substrate for microbial N mineralization (Sharifi et 
al. 2007, Schomberg et al. 2009, McDonald et al. 2014), and can represent the size of the 
microbial biomass fraction of the SOM pool (Sparling et al. 1998). In addition to organic 
C and N in the hot water extracts, NO3
-
 concentration of these extracts was also positively 
correlated with both gross and net N mineralization. Nitrate production may have been 
facilitated by agitation of the hot water extracts, which may have maintained conditions 
sufficiently aerobic for autotrophic or heterotrophic nitrification to occur (Robertson and 
Groffman 2007, Chen et al. 2015). Alternatively, recent evidence also suggests that NH4
+
 
can be oxidized to NO2
-
 under anaerobic conditions by iron reduction (Clement et al. 
2005). In either case, the functional significance of the positive correlation between hot 
water NO3
-
 and N mineralization rates is unknown and deserving of further investigation. 
Non-POM C was positively correlated with gross N mineralization, but not PMN. 
Non-POM C is thought to be primarily composed of mineral-associated organic matter 
and is expected to be much greater in fine-textured soils (Hassink 1997). Indeed, in the 
sites with greatest average clay content (Revadim, VICMS, and Marsden) the non-POM 
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C was much greater in soils with lower clay content (data not shown). Therefore, the 
significant correlation with gross N mineralization may represent a direct effect of 
mineral associated OM or an indirect effect of clay content. Additionally, textural 
influences may have been more pronounced under the aerobic incubation conditions of 
the gross N mineralization assay compared to the anaerobic conditions of the PMN assay, 
as anaerobic conditions with low redox potential may disrupt some organic matter-
mineral complexes that stabilize organic matter (Kögel-Knabner et al. 2008), thus 
potentially negating the important effect of stabilization of organic matter by clay 
particles. 
A lack of correlation between potential gross N mineralization and CO2 burst was 
somewhat surprising as these two parameters have previously been shown to be related in 
forest ecosystems (Bengtsson et al. 2003). Soil C mineralization is thought to indicate 
both total microbial activity and microbial carbon use efficiency (Franzluebbers et al. 
2000, Manzoni et al. 2012). It is possible that the agricultural systems studied here are 
relatively N saturated due to N fertilizer applications, which may cause a de-coupling of 
gross rates of N mineralization and C mineralization (Drinkwater and Snapp 2007). CO2 
burst was positively correlated with PMN, suggesting that under N saturated conditions 
the accumulation of inorganic N (i.e. net N mineralization) may provide an index to SOM 
decomposition. 
Among the FIs, humification indices (HIX) of the cold water and hot water 
extracts were significantly correlated with gross N mineralization, but the positive 
correlation was unexpected as one study demonstrated that the biodegradability of 
dissolved OM extracted from forest and agricultural soils decreases with greater HIX, 
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presumably indicating that organic compounds with a high HIX were highly processed 
and condensed and thus less bio-available (Kalbitz et al. 2003). However, dissolved OM 
from cropland soils is typically already highly processed due to rapid organic matter 
decomposition (Toosi et al. 2012), so that chemical differences observed by HIX may no 
longer indicate biodegradability. As SOM progresses toward highly processed 
compounds it becomes relatively enriched in N (Melillo et al. 1989). Indeed, in this study 
HIX was negatively correlated with the C:N ratios of the extracted OM (Table 5-S1). 
This N-rich nature of the high HIX OM could thus stimulate gross N mineralization rates. 
Additionally, we observed that HIX was positively correlated with the size of labile pools 
of OM (POM and water extractions, Table 5-S1), which suggests that across diverse 
agricultural soils greater labile OM occurs when OM compounds are more highly 
processed and of microbial origin. PMN was best correlated with the cold water freshness 
index, but only weakly so. Fluorescence methods offer a relatively easy method for data-
rich characterization of dissolved organic matter, and additional research effort should be 
focused on understanding how this data can be utilized to inform understanding of N 
cycling dynamics. 
Modeling of potential N mineralization using multiple potential predictors greatly 
improved predictions of N mineralization over individual parameters (Fig. 3). The MLR 
model selected for gross N mineralization included five predictors: Non-POM C, cold 
organic N, hot water NO3
-
, total water extractable organic C, and cold water HIX. Thus 
the selected model was: 
Gross N mineralization = β0 + β1*Non-POM-C + β2*Cold-water-ON + β3*Hot-water-
NO3
-
 + β4*Total-water-C + β5*Cold-water-HIX + ε 
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where β0 was the y-intercept, β1- β5 were the parameter coefficients, and ε was the 
residual error. The resulting model had an R
2
 = 0.81 (Table 5-5).  
The MLR model for potential net N mineralization included six predictor 
variables: Normalized POM-N, Non-POM N, cold water total N, hot water C, hot water 
total N, and hot water NH4
+
. Thus the selected model was: 
PMN = β0 + β1*POM-N/Total-N + β2*Non-POM-N + β3*Cold-water-N + β4*Hot-water-
C + β5*Hot-water-N + β6*Hot-water-NH4
+
 + ε 
where β0 was the y-intercept, β1- β6 were the parameter coefficients, and ε was the 
residual error. The resulting model had an R
2
 = 0.80 (Table 5-5).  
Each of the MLR models selected a suite of parameters that are able to provide 
unique information regarding factors that determine potential N mineralization. From a 
practical standpoint, this enables the MLR technique to explain a much greater proportion 
of the variation in potential N mineralization over the entire range of sites and 
management practices than any single predictor.  
Concerns about multicollinearity have been raised for multiple regression 
predictions of N mineralization potential (Ros et al. 2011b). However, for purposes of 
prediction rather than interpretation of model coefficients multicollinearity does not pose 
a problem (Graham 2003). Our results showed no major issues with multicollinearity in 
the gross N mineralization prediction model, as demonstrated by VIF < 10. We did 
observe evidence of multicollinearity between two selected predictors of PMN, hot water 
organic C and hot water total N, where the variance inflation factors exceeded 10 (Table 
5-5). The strong correlation between these two predictors (r=0.91, Table 5-S1) further 
corroborates the presence of multicollinearity between these model parameters. The 
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stepwise model selection procedure we employed provides some protection against 
multicollinearity, as the model parameters are selected to minimize the predicted residual 
error sum of squares and thus are less likely to explain similar variance in the response 
variable. In general the predictors selected included very different measures of SOM 
quantity and quality, including physically fractionated pools, strong and weak 
extractions, and SOM fluorescence, and are thus likely to explain different sources of 
variation in the response variables. 
Despite a wide range of soil textures in the experimental sites utilized in this study 
(Table 5-2), we were able to develop predictors of N mineralization potential that were 
universally appropriate across all soil types. Regressions of MLR predictions against the 
observed gross mineralization and potential net N mineralization in the individual sites 
revealed regression lines were not different by site (Fig. 4). This indicates that N 
mineralization was not consistently over or under predicted in any site. This result 
contrasts with previous research that showed relationships between SOM properties and 
N mineralization were somewhat dependent on soil texture (Nyiraneza et al. 2011), but 
agrees with other work that demonstrated little improvement in predictions when soil 
texture was taken into account (McDonald et al. 2014). The simultaneous use of multiple 
predictors of N mineralization captured variation in N mineralization potential caused by 
site and thus made our predictions robust across our sites. 
The relationship between the MLR predicted and observed N mineralization 
potentials were not different in organic and inorganic N fertility management strategies 
for either gross N mineralization or PMN (Fig. 5). Thus potential N mineralization was 
not over or under predicted in either management strategy, and fertilizer management did 
108 
 
not alter the relationships between SOM predictors and potential gross and net N 
mineralization. 
The MLR prediction equations developed here appear to apply generally across 
both location and management factors. MLR has been successfully utilized previously to 
develop MLR predictions of potential net N mineralization from soil biological and 
chemical measurements (Schomberg et al. 2009). Our results further demonstrate that 
MLR utilizing measurements of SOM quality and quantity is a powerful method for 
predicting potential gross and net N mineralization across a diverse range of soil 
environments. 
Measurements of potential N mineralization utilized in this study do not 
necessarily reflect potential N mineralization rates under field conditions for several 
reasons. Presence of plant roots can increase mineralization rates as root exudates are an 
important source of labile C in the rhizosphere (Sanchez et al. 2002). PMN is measured 
under saturated, anaerobic conditions and the properties of organic N that are available 
under such conditions may be different than under the aerobic conditions that dominate 
arable soils (Kögel-Knabner et al. 2008). Finally, soil samples were disturbed (sieved and 
air-dried) prior to measurement to facilitate transportation of as well as homogenization 
of soil samples. However, such disturbance increases the availability of soil organic N for 
mineralization (Ros et al. 2011b). Despite the issue of a lack of direct relationship 
between field rates of N mineralization and experimental rates determined in a lab, both 
gross mineralization and PMN are expected to be significantly related to actual N 
mineralization activity and the production of plant available N. It is likely that plant 
available N is intermediate between gross N mineralization and net N mineralization, as 
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plants successfully compete with a portion of the microbial immobilization demand under 
conditions of N scarcity. Thus both gross and net N mineralization assays can provide 
valuable insight into N cycling activity, and may be able to serve as an indices of N 
availability, but additional research is required to understand how laboratory 
measurements of potential N mineralization relate to actual plant available N under field 
settings.  
 
Conclusions 
Many SOM quantity and quality parameters showed significant relationships with 
measurements of potential gross and net N mineralization in widely varying agricultural 
sites. Relatively strong correlations were observed for total soil organic C and N, POM C 
and N, and hot water extractable C and N, and among indices calculated from 
fluorescence measurements of water extracted SOM the humification index was highly 
correlated to potential gross N mineralization. MLR equations utilized properties of 
diverse SOM pools to predict potential gross and net N mineralization, and resulted in R
2
 
> 0.8 for both measures of N mineralization. Predictors selected in the MLR selection 
process were different for gross and net N mineralization indicating that these two 
measures of N mineralization potential are controlled by different factors. The predictions 
of N mineralization generated by the MLR models were appropriate across a broad range 
of sites and N fertility strategies. Due to the difficulty of measuring gross N 
mineralization, estimation using MLR equations could be practically beneficial for 
estimating gross N mineralization rates.  
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Tables and Figures 
Table 5-1. Formulas of fluorescence indices utilized in this study. 
Fluorescence Index Excitation 
wavelength 
Formula Reference 
Humification Index 
 
254 emission @ 435-480 / emission at 300-345 Zsolnay et al. 
1999 
Humification Index 
(Ohno) 
254 emission @ 435-480 /  
(emission @ 300-345 + emission at 435-480) 
Ohno 2002 
Fluorescence 
Intensity 
370 emission @ 470 / emission @ 520 McKnight et al. 
2001 
Freshness Index 
 
310 emission @ 380 / 
maximum emission between 420-435 
 
Parlanti et al. 
2000 
1 
 
 
 
 
Table 5-2. Location, selected soil properties, and general management of the six experimental sites utilized in this study.  
 
Experiment* Year 
established 
Location Soil texture 
class 
CEC    
meq 100g-1 
Soil 
pH 
SOC    
mg kg-1 
Crop Rotations N fertility Strategy
† & Source* 
Marsden 
 
2002 Iowa USA 
42°01’ N, 93°47’ 
W 
Loam 18.2 7.2 273 Corn-soybean I: UAN 
Corn-soybean-oat/alfalfa-alfalfa O: UAN + composted manure 
VICMS 1989 Minnesota, USA 
44°15’ N, 95°19’ 
W 
Clay loam 18.5 7.5 239 Corn-soybean I: Urea, MAP, DAP, UAN 
Corn-soybean I: Urea, MAP, DAP, UAN 
Corn-soybean-oat/alfalfa-alfalfa I: Urea, MAP, DAP, UAN 
Corn-soybean-oat/alfalfa-alfalfa O: Liquid swine manure, cattle manure 
WICST 1990 Wisconsin, USA 
43°20’ N, 89°21’ 
W 
Silt loam 16.3 6.5 246 Corn-soybean I: UAN 
Corn-soybean-wheat/clover O: Pelleted poultry manure 
Corn-oat/alfalfa-alfalfa O: Dairy manure 
Yakum  2000 Yakum, Israel 
32°15' N 34°50' 
E 
 Sandy loam  12.4 7.0  122  Avocado O: Multiple organic fertility sources 
 Persimmon I: Treated waste water 
 Uncultivated NI: No fertilizer 
Revadim  2011 Revadim, Israel 
31°46' N 34°49' 
E 
Clay  32.1  7.4 141  Corn-wheat NI: Digested sludge + inorganic N 
 Corn-wheat NI: Composted sludge + inorganic N  
 Corn-wheat NI: N-Viro + inorganic N 
 Corn-wheat NI: N-Viro 
 Corn-wheat NI: No fertilizer 
Gilat  2009 Gilat, Israel, 
31°19' N 34°38' 
E 
 Loam  16.8  7.6 177 Clover-corn-wheat-potato-corn-wheat O: Compost 
Clover-corn-wheat-potato-corn-wheat O: Compost 
Clover-corn-wheat-potato-corn-wheat O: Compost 
Clover-corn-wheat-potato-corn-wheat I: Urea 
* Further management information can be found for the experiments: (Marsden - Liebman et al. 2008 and Davis et al. 2012, VICMS – Coulter et al. 2011, WICST - Posner et al. 2008 and 
Jokela et al. 2011). 
† I = inorganic N management, O = organic fertility management, NA = not included in fertility management analysis 
* UAN = Urea ammonium nitrate, MAP = Monoammonium Phosphate, DAP = Diammonium Phosphate, N-Viro = alkaline stabilized sludge (see Logan & Harrison 1995) 
1
1
1
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Table 5-3. Measured soil organic matter quantity and quality parameters. 
SOM fraction Measured properties Derived properties 
Total soil C, N C:N 
Particulate organic matter (POM) C, N C:N, POM-C:TotalC 
Non particulate organic matter C, N C:N 
CW Dissolved organic matter C, N, NO3-, NH4+, 
Fluorescence 
ON, OC:ON, 
Fluorescence Indices 
HW Dissolved organic matter C, N, NO3-, NH4+, 
Fluorescence 
ON, OC:ON, 
Fluorescence Indices 
Total Dissolved organic matter OC, ON  
Readily respired OM: 3-day and 7-day C 7 day CO2:Total C 
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Table 5-4. Pearson correlation coefficients between potential gross mineralization and 
potentially mineralizable N (PMN) and soil organic matter properties tested as potential 
predictors. 
Predictors  Gross N 
mineralization 
PMN 
 r r 
Total C -0.16 0.16 
Total N -0.14 0.16 
Total C:N -0.25 -0.02 
POM C 0.66*** 0.43*** 
POM N 0.43*** 0.36** 
POM C:N -0.01 -0.09 
POM C/TotalC 0.53*** 0.05 
POM N/Total N 0.42*** 0.09 
Non-POM C 0.58*** 0.23 
Non-POM N -0.12 0.13 
Non-POM C:N 0.41** -0.05 
CO2 burst 0-3 day  -0.02 0.55*** 
CO2 burst 4-7 day  0.23 0.66*** 
CO2 burst 0-7 day  0.08 0.62*** 
CO2 burst 0-7 day/Total C 0.34** 0.10 
Cold water OC 0.49*** 0.39** 
Cold water NO3
-
 0.58*** 0.54*** 
Cold water NH4
+
 0.06 0.21 
Cold water ON 0.22 0.49*** 
Cold water total N 0.56*** 0.61*** 
Cold water OC:ON -0.09 -0.20 
Hot water OC:ON -0.60*** -0.38** 
Hot water OC 0.45*** 0.64*** 
Hot water NO3
-
 0.59*** 0.59*** 
Hot water NH4
+
 -0.12 0.20 
Hot water ON 0.57*** 0.69*** 
Hot water total N 0.56*** 0.75*** 
Hot + cold water OC 0.52*** 0.66*** 
Hot + cold water ON 0.56*** 0.72*** 
Hot + cold water OC:ON -0.47*** -0.40** 
Cold water HIX 0.66*** 0.02 
Cold water HIXOhno 0.64*** 0.04 
Cold water FI 0.34*** 0.25 
Cold water freshness index 0.14 0.32* 
Hot water HIX 0.53*** 0.17 
Hot water HIXOhno 0.52*** 0.09 
Hot water FI 0.09 0.24 
Hot water freshness index -0.24 0.13 
 
* significant at 0.05 
** significant at 0.01 
***significant at 0.001 
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Table 5-5. Multiple linear regression models for prediction of potential gross N 
mineralization and potentially mineralizable N (PMN). Prediction equations are 
constructed in the form of y = β0 + β1X1 + … βnXn where y is N mineralization, β0 is the 
intercept, and β1-βn are parameter estimates, and X1-Xn are the measured soil organic 
matter variables. 
 
Dependent Variable Parameter 
estimate  
Standard 
error 
Pr > |t| VIF R
2
 
Model 
Gross N 
mineralization 
Intercept -4.53 0.845 <.0001  0.815 
Non-POM C 0.179 0.030 <.0001 1.2 
Cold water organic N -0.171 0.069 0.017 1.4 
Hot water NO3- 0.716 0.313 0.026 2.1 
Cold + Hot water OC 0.012 0.003 <.0001 1.7 
Cold water HIX 0.255 0.030 <.0001 1.1 
PMN Intercept 3.93 6.19 0.53  0.804 
POM N / Total N -293 83.5 0.001 3.3 
Non-POM N 9.57 3.19 0.0042 4.3 
Cold water total N 0.288 0.155 0.069 5.6 
Hot water OC -0.366 0.0657 <.0001 19.1 
Hot water total N 2.56 0.389 <.0001 26.3 
Hot water NH4+ 0.568 0.392 0.15 1.1 
* VIF = variance inflation factor 
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Figure 5-1. PMN and gross N mineralization were significantly positively correlated 
(r=0.38, p=0.003). Units are mg N kg
-1
 soil d
-1
 for both axes. 
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Figure 5-2. Potential N mineralization was greater with organic fertility management 
than with inorganic fertility management for both gross N mineralization (A., p=0.0003) 
and PMN (B., p=0.003). Error bars are 95% CI. 
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Figure 5-3. Gross N mineralization (A.) and PMN multiple linear regression predictions 
compared to observations. The predictors selected for the gross N mineralization model 
were: Non-POM C, cold organic N, hot water NO3
-
, total water extractable organic C, 
and cold water HIX. The predictors selected for PMN were: Normalized POM-N, Non-
POM N, cold water total N, hot water organic C, hot water total N, and hot water NH4
+
. 
The solid line is the 1:1 regression line, and dashed lines are 95% prediction intervals. 
Units are mg N kg
-1
 soil d
-1
. 
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Figure 5-4. Regression lines for individual sites were not significantly different for either 
gross N mineralization (A) (slopes p=0.13, intercepts p=0.17,) or PMN (B) (slopes 
p=0.68, intercepts p=0.73). Units are mg N kg
-1
 soil d
-1
. 
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Figure 5-5. Regression lines for organic and inorganic N fertility management strategies 
were not significantly different for either gross N mineralization (A) (slopes p=0.88, 
intercepts p=0.39) or PMN (B) (slopes p=0.63, intercepts p=0.93,). Units are mg N kg
-1
 
soil d
-1
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Table 5-S1. Pearson correlation coefficients (r) and p-values for tests of significance of 
correlations from potential predictors of N mineralization. 
  TC 
             
TC 
1 
             
  TN 
           
TN 
0.9556 1 
            
<.0001   TC:TN 
          
TC:TN 
0.32866 0.05231 1 
           
0.011 0.694   POM N 
         
POM N 
-0.23071 -0.14574 -0.35888 1 
          
0.0814 0.275 0.0057   POM N norm 
        
POM N 
norm 
-0.70796 -0.6784 -0.28912 0.79067 1 
         
<.0001 <.0001 0.0277 <.0001   POM C 
       
POM C 
-0.55653 -0.49653 -0.37982 0.79921 0.84534 1 
        
<.0001 <.0001 0.003 <.0001 <.0001   POM C norm 
      
POM C 
norm 
-0.85888 -0.82622 -0.35709 0.46497 0.84286 0.82071 1 
       
<.0001 <.0001 0.0055 0.0002 <.0001 <.0001   POM C:N 
     
POM 
C:N 
-0.41618 -0.53223 0.31897 -0.40808 -0.02072 0.01869 0.34209 1 
      
0.0012 <.0001 0.0147 0.0015 0.8773 0.8892 0.0086   Non-POM N 
    
Non-
POM N 
0.92525 0.87757 0.29765 -0.37082 -0.74768 -0.61753 -0.81569 -0.32888 1 
     
<.0001 <.0001 0.022 0.0042 <.0001 <.0001 <.0001 0.0117   Non-POM C 
   
Non-
POM C 
0.17314 0.10322 0.05958 -0.17394 -0.12801 0.11255 0.1714 0.26334 0.33248 1 
    
0.1897 0.4366 0.654 0.1916 0.3383 0.396 0.1943 0.0458 0.0101   Non-POM C:N 
  
Non-
POM 
C:N 
-0.71045 -0.70339 -0.24567 0.13632 0.50707 0.54591 0.83131 0.56873 -0.66883 0.40311 1 
   
<.0001 <.0001 0.0607 0.3076 <.0001 <.0001 <.0001 <.0001 <.0001 0.0015   CW OC 
 
CW OC 
-0.32959 -0.25241 -0.37261 0.75057 0.6486 0.79901 0.54916 -0.14138 -0.46794 0.01552 0.3619 1 
  
0.0108 0.0538 0.0037 <.0001 <.0001 <.0001 <.0001 0.2898 0.0002 0.9071 0.0049   CW TN 
CW TN 
-0.39069 -0.31766 -0.35238 0.74265 0.64783 0.88595 0.60656 -0.05048 -0.47173 0.05139 0.38365 0.81139 1 
 
0.0022 0.0142 0.0062 <.0001 <.0001 <.0001 <.0001 0.7067 0.0002 0.6991 0.0027 <.0001   CWNO3
-
 
CW NO3
-
 
-0.4211 -0.32396 -0.43499 0.63268 0.57295 0.8392 0.61451 -0.03774 -0.46401 0.08915 0.41905 0.71856 0.95597 1 
0.0009 0.0123 0.0006 <.0001 <.0001 <.0001 <.0001 0.7785 0.0002 0.5019 0.001 <.0001 <.0001   
CW NH4
+
 
-0.03555 -0.09935 0.21698 0.4921 0.40815 0.2695 0.11393 -0.05791 -0.13179 -0.15023 -0.01998 0.30226 0.22494 -0.03176 
0.7892 0.4541 0.0988 <.0001 0.0015 0.039 0.3902 0.6659 0.3197 0.2561 0.8806 0.02 0.0867 0.8113 
CW ON 
-0.06862 -0.05011 -0.13433 0.4167 0.28533 0.48881 0.22736 -0.01979 -0.18701 0.05699 0.11815 0.62978 0.62111 0.5003 
0.6056 0.7062 0.3104 0.0011 0.0299 <.0001 0.0833 0.8828 0.1561 0.6681 0.3728 <.0001 <.0001 <.0001 
CW 
OC:ON 
-0.0623 -0.06358 0.02418 -0.20381 -0.11203 -0.16179 0.00201 0.17843 -0.0174 0.08348 0.20363 -0.15401 -0.16047 -0.11681 
0.6393 0.6324 0.8558 0.1249 0.4025 0.2209 0.988 0.1802 0.8959 0.5296 0.1219 0.2442 0.2247 0.3783 
HW OC 
0.33972 0.38553 -0.11107 0.54191 0.11353 0.43835 -0.04846 -0.38975 0.24251 0.10225 -0.22884 0.32441 0.5624 0.53331 
0.0085 0.0026 0.4023 <.0001 0.3961 0.0005 0.7155 0.0025 0.0642 0.4409 0.0813 0.0122 <.0001 <.0001 
HW TN 
0.05856 0.09171 -0.15161 0.66699 0.36849 0.67417 0.23387 -0.23912 -0.03562 0.11538 0.00723 0.51635 0.77628 0.72089 
0.6595 0.4897 0.2517 <.0001 0.0044 <.0001 0.0746 0.0706 0.7888 0.3842 0.9566 <.0001 <.0001 <.0001 
HW NO3
-
 
0.09702 0.1598 -0.26921 0.46345 0.20462 0.53919 0.23509 -0.17565 0.03444 0.35532 0.17403 0.54364 0.70569 0.72507 
0.4648 0.2267 0.0392 0.0002 0.1234 <.0001 0.0731 0.1872 0.7957 0.0058 0.1874 <.0001 <.0001 <.0001 
HW NH4
+
 
0.41205 0.42379 0.09165 0.18877 -0.10414 -0.11206 -0.31266 -0.3247 0.2798 -0.133 -0.34416 0.07804 -0.05349 -0.2003 
0.0012 0.0008 0.49 0.1559 0.4366 0.3981 0.0159 0.0129 0.0319 0.3153 0.0076 0.5568 0.6874 0.1282 
HW ON 
-0.03029 -0.00203 -0.16021 0.62111 0.38971 0.68669 0.29225 -0.16818 -0.09631 0.12691 0.06925 0.48501 0.7705 0.74293 
0.8199 0.9878 0.2255 <.0001 0.0025 <.0001 0.0247 0.207 0.4681 0.3381 0.6023 <.0001 <.0001 <.0001 
HW 
OC:ON 
0.57221 0.56419 0.23794 -0.53513 -0.70867 -0.80285 -0.74755 -0.18626 0.55015 -0.17216 -0.5322 -0.50523 -0.70818 -0.71844 
<.0001 <.0001 0.0696 <.0001 <.0001 <.0001 <.0001 0.1615 <.0001 0.1923 <.0001 <.0001 <.0001 <.0001 
TW OC 
0.24173 0.29959 -0.17883 0.65336 0.24072 0.56625 0.06984 -0.38571 0.12423 0.09659 -0.13377 0.50397 0.68209 0.63625 
0.0651 0.0212 0.1754 <.0001 0.0687 <.0001 0.5992 0.0028 0.3485 0.4668 0.3125 <.0001 <.0001 <.0001 
TW ON 
-0.03966 -0.01077 -0.16905 0.63358 0.4018 0.70911 0.30524 -0.15493 -0.12056 0.12511 0.08378 0.55156 0.8086 0.7621 
0.7655 0.9355 0.2006 <.0001 0.0018 <.0001 0.0187 0.2455 0.363 0.3451 0.5281 <.0001 <.0001 <.0001 
TW 
OC:ON 
0.45641 0.47015 0.14663 -0.43723 -0.58026 -0.67728 -0.60561 -0.2131 0.44099 -0.16575 -0.41351 -0.4048 -0.62673 -0.60889 
0.0003 0.0002 0.2678 0.0006 <.0001 <.0001 <.0001 0.1082 0.0005 0.2096 0.0011 0.0015 <.0001 <.0001 
CW FI 
-0.65577 -0.56668 -0.47094 0.22122 0.42944 0.61568 0.6877 0.32006 -0.56298 0.21319 0.63713 0.44195 0.57913 0.64396 
<.0001 <.0001 0.0002 0.0952 0.0008 <.0001 <.0001 0.0143 <.0001 0.105 <.0001 0.0005 <.0001 <.0001 
CW β:α 
-0.37569 -0.28402 -0.38803 0.02867 0.08572 0.36267 0.33892 0.22803 -0.28914 0.14668 0.34026 0.24692 0.45183 0.5359 
0.0034 0.0293 0.0024 0.8308 0.5223 0.0048 0.0086 0.0852 0.0263 0.2676 0.0084 0.0594 0.0003 <.0001 
CW HIX 
-0.63069 -0.60165 -0.31678 0.51332 0.77254 0.71713 0.80549 0.07589 -0.59206 0.18801 0.60257 0.50589 0.49074 0.5074 
<.0001 <.0001 0.0145 <.0001 <.0001 <.0001 <.0001 0.5713 <.0001 0.1539 <.0001 <.0001 <.0001 <.0001 
CW 
HIXohno 
-0.59951 -0.57893 -0.26425 0.46509 0.71425 0.6623 0.75029 0.07292 -0.54514 0.16584 0.56867 0.39918 0.47258 0.50125 
<.0001 <.0001 0.0431 0.0002 <.0001 <.0001 <.0001 0.5865 <.0001 0.2094 <.0001 0.0017 0.0002 <.0001 
HW FI 
-0.22079 -0.16081 -0.29628 -0.0883 -0.02382 0.18149 0.20306 0.15595 -0.11577 0.29467 0.30549 0.17144 0.23059 0.30463 
0.0929 0.2237 0.0227 0.5098 0.8591 0.1689 0.123 0.2424 0.3826 0.0235 0.0186 0.1942 0.0789 0.019 
HW β:α 
0.36413 0.43458 -0.13893 -0.33689 -0.55085 -0.35818 -0.46205 -0.14466 0.43615 0.10455 -0.3038 -0.18189 -0.18856 -0.12657 
0.0046 0.0006 0.294 0.0097 <.0001 0.0053 0.0002 0.2786 0.0006 0.4307 0.0193 0.168 0.1527 0.3395 
HW HIX 
-0.42719 -0.37027 -0.36694 0.53306 0.63605 0.66113 0.61572 -0.05698 -0.46287 0.15412 0.44387 0.77731 0.5311 0.49742 
0.0007 0.0039 0.0043 <.0001 <.0001 <.0001 <.0001 0.671 0.0002 0.2438 0.0004 <.0001 <.0001 <.0001 
HW 
HIXohno 
-0.37199 -0.32212 -0.31205 0.51119 0.61237 0.60792 0.5774 -0.07292 -0.40198 0.16095 0.39149 0.67534 0.4343 0.39962 
0.0037 0.0128 0.0161 <.0001 <.0001 <.0001 <.0001 0.5865 0.0016 0.2233 0.0022 <.0001 0.0006 0.0017 
Early 
CO2 
0.50968 0.56868 -0.03915 0.26994 -0.20422 0.05707 -0.38262 -0.38517 0.3963 -0.10735 -0.4705 0.10046 0.29132 0.22835 
<.0001 <.0001 0.7685 0.0404 0.1241 0.6677 0.0028 0.0028 0.0019 0.4184 0.0002 0.449 0.0252 0.0819 
Late CO2 
0.19111 0.25742 -0.17772 0.48827 0.1288 0.44667 0.01595 -0.2562 0.08227 0.01046 -0.13915 0.39492 0.59578 0.52757 
0.1471 0.049 0.1781 0.0001 0.3353 0.0004 0.9045 0.0522 0.5356 0.9373 0.2932 0.002 <.0001 <.0001 
T CO2 
0.4007 0.46472 -0.09586 0.36653 -0.07883 0.21462 -0.23717 -0.34751 0.28509 -0.06415 -0.35502 0.22158 0.42324 0.35593 
0.0017 0.0002 0.4702 0.0047 0.5564 0.1026 0.0705 0.0075 0.0286 0.6293 0.0058 0.0917 0.0008 0.0057 
T CO2 
norm 
-0.84526 -0.80264 -0.33612 0.36364 0.71498 0.71237 0.88592 0.39285 -0.79358 0.0394 0.74199 0.39214 0.58461 0.59376 
<.0001 <.0001 0.0092 0.005 <.0001 <.0001 <.0001 0.0023 <.0001 0.767 <.0001 0.0021 <.0001 <.0001 
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Table5-S1 continued 
 CW NH4
+
 
            
 
CW NH4
+
 
1 
             
 
  CW ON 
           
 
CW ON 
0.05514 1 
            
 
0.6783   CW OC:ON 
          
 
CW 
OC:DON 
0.05154 -0.41945 1 
           
 
0.6983 0.0009   HW OC 
         
 
HW OC 
0.15819 0.32593 -0.23438 1 
          
 
0.2314 0.0118 0.074   HW TN 
        
 
HW TN 
0.26289 0.46514 -0.23884 0.92925 1 
         
 
0.0443 0.0002 0.0685 <.0001   HW NO3
-
 
       
 
HW NO3
-
 
-0.06121 0.49327 -0.1885 0.55062 0.62258 1 
        
 
0.6451 <.0001 0.1528 <.0001 <.0001   HW NH4
+
 
      
 
HW NH4
+
 
0.52537 -0.03136 -0.05982 0.13458 0.08087 0.10528 1 
       
 
<.0001 0.8136 0.6527 0.3095 0.5426 0.4274   HW ON 
     
 
HW ON 
0.16467 0.45774 -0.22283 0.89708 0.97699 0.56396 -0.12941 1 
      
 
0.2126 0.0003 0.0898 <.0001 <.0001 <.0001 0.3286   HW OC:ON 
    
 
HW 
OC:ON 
-0.05347 -0.37606 0.12709 -0.37504 -0.61176 -0.39577 0.49303 -0.70908 1 
     
 
0.6875 0.0033 0.3375 0.0034 <.0001 0.0019 <.0001 <.0001   TW OC 
   
 
TW OC 
0.20724 0.42845 -0.24601 0.9805 0.95578 0.61571 0.1391 0.91989 -0.44741 1 
    
 
0.1153 0.0007 0.0604 <.0001 <.0001 <.0001 0.2934 <.0001 0.0004   TW ON 
  
 
TW ON 
0.15899 0.59284 -0.27659 0.87065 0.96784 0.59874 -0.1228 0.98737 -0.7093 0.90958 1 
   
 
0.2291 <.0001 0.034 <.0001 <.0001 <.0001 0.3541 <.0001 <.0001 <.0001   TW OC:ON 
 
 
TW 
OC:ON 
0.01748 -0.56856 0.29951 -0.3506 -0.56649 -0.38178 0.51105 -0.66706 0.92492 -0.40423 -0.70554 1 
  
 
0.8955 <.0001 0.0212 0.0065 <.0001 0.0028 <.0001 <.0001 <.0001 0.0015 <.0001   CW FI   
CW FI 
-0.18728 0.34707 -0.06137 -0.03074 0.20669 0.34018 -0.32597 0.26143 -0.52991 0.06375 0.29865 -0.46868 1 
 
 
0.1555 0.0071 0.6443 0.8172 0.1163 0.0084 0.0118 0.0455 <.0001 0.6315 0.0216 0.0002   CW  β:α 
CW β:α 
-0.29606 0.31296 -0.09961 0.08694 0.2355 0.26446 -0.29569 0.28884 -0.32633 0.13068 0.3174 -0.31919 0.85134 1  
0.0228 0.0158 0.4529 0.5126 0.0726 0.043 0.023 0.0265 0.0117 0.3239 0.0143 0.0137 <.0001    
CW HIX 
0.02703 0.22496 -0.1198 0.05594 0.25398 0.253 -0.37527 0.3249 -0.73696 0.15618 0.33438 -0.61727 0.42056 0.04213  
0.839 0.0867 0.3661 0.6739 0.0522 0.0532 0.0034 0.012 <.0001 0.2375 0.0096 <.0001 0.0009 0.7514  
CW HIXohno 
0.01847 0.16134 -0.12136 0.10354 0.28563 0.22829 -0.44935 0.37405 -0.78501 0.17747 0.36757 -0.66438 0.36171 0.04416  
0.8896 0.2222 0.3598 0.4352 0.0283 0.082 0.0004 0.0035 <.0001 0.1787 0.0042 <.0001 0.0049 0.7398  
HW FI 
-0.34718 0.2815 0.02796 -0.13979 -0.01815 0.25806 -0.30069 0.02967 -0.17161 -0.09203 0.07704 -0.20864 0.7315 0.77707  
0.0071 0.0308 0.8335 0.291 0.8915 0.0485 0.0207 0.8235 0.1937 0.4882 0.5619 0.1128 <.0001 <.0001  
HW  β:α 
-0.36674 0.07272 0.05103 -0.085 -0.17578 0.01865 0.02271 -0.18626 0.40802 -0.1154 -0.15576 0.31202 0.22485 0.50599  
0.0043 0.5841 0.7011 0.5221 0.183 0.8885 0.8644 0.1578 0.0013 0.3841 0.2388 0.0161 0.0869 <.0001  
HW HIX 
0.07395 0.45019 -0.13844 0.00589 0.2079 0.41907 -0.12171 0.21619 -0.52402 0.16686 0.27605 -0.42742 0.44308 0.13874  
0.5778 0.0003 0.2957 0.9647 0.1141 0.001 0.3584 0.1001 <.0001 0.2065 0.0343 0.0007 0.0004 0.2947  
HW HIXohno 
0.10041 0.34753 -0.13827 -0.01516 0.15182 0.38111 -0.01952 0.13949 -0.44222 0.12646 0.18829 -0.33671 0.34339 0.01899  
0.4492 0.007 0.2963 0.9093 0.251 0.0029 0.8833 0.292 0.0005 0.3399 0.1533 0.0091 0.0078 0.8865  
Early CO2 
0.22471 0.21282 -0.15096 0.69135 0.59036 0.35589 0.50814 0.48219 0.10823 0.65214 0.47469 0.06404 -0.09713 0.13537  
0.0871 0.1056 0.2537 <.0001 <.0001 0.0057 <.0001 0.0001 0.4145 <.0001 0.0001 0.6299 0.4643 0.3066  
Late CO2 
0.28456 0.37158 -0.10431 0.7436 0.76553 0.49806 0.36638 0.6838 -0.22992 0.76103 0.6856 -0.21532 0.20536 0.3336  
0.0289 0.0038 0.4317 <.0001 <.0001 <.0001 0.0043 <.0001 0.0798 <.0001 <.0001 0.1015 0.1187 0.0098  
T CO2 
0.25661 0.28378 -0.13772 0.73687 0.68134 0.42534 0.46968 0.57986 -0.02289 0.71887 0.57581 -0.04519 0.02015 0.21933  
0.0498 0.0294 0.2982 <.0001 <.0001 0.0008 0.0002 <.0001 0.8634 <.0001 <.0001 0.734 0.8796 0.0951  
T CO2 
norm 
0.15187 0.15014 0.02911 0.02926 0.292 0.13138 -0.25399 0.34541 -0.68491 0.10819 0.33963 -0.56408 0.6826 0.44367  
0.2509 0.2564 0.8268 0.8259 0.0248 0.3213 0.0522 0.0074 <.0001 0.4147 0.0085 <.0001 <.0001 0.0004  
 
 CW HIX 
         
CW HIX 
1 
          
  CW HIXohno         
CW HIXohno 
0.94271 1 
         
<.0001   HW FI 
       
HW FI 
0.03057 -0.01537 1 
        
0.8182 0.908   HW β:α 
      
HW β:α 
-0.49209 -0.49442 0.63789 1 
       
<.0001 <.0001 <.0001   HW HIX 
     
HW HIX 
0.74151 0.60309 0.21907 -0.19304 1 
      
<.0001 <.0001 0.0955 0.143   HW HIXohno     
HW HIXohno 
0.74263 0.61047 0.09623 -0.24769 0.95656 1 
     
<.0001 <.0001 0.4684 0.0586 <.0001   Early CO2    
Early CO2 
-0.46074 -0.40748 -0.05525 0.28257 -0.29404 -0.30302 1 
    
0.0002 0.0014 0.6777 0.0301 0.0238 0.0197   Late CO2 
  
Late CO2 
-0.14021 -0.12612 0.07271 0.15125 0.0004 -0.03821 0.8571 1 
   
0.2895 0.3412 0.5842 0.2528 0.9976 0.7739 <.0001   T CO2  
T CO2 
-0.34923 -0.3097 -0.00614 0.24023 -0.187 -0.20812 0.97863 0.94471 1 
  
0.0067 0.017 0.9632 0.0668 0.1561 0.1137 <.0001 <.0001   T CO2 norm 
T CO2 
norm 
0.57157 0.56673 0.16237 -0.39671 0.3313 0.27295 -0.12408 0.23278 0.01394 1 
 
<.0001 <.0001 0.2192 0.0019 0.0104 0.0365 0.3491 0.076 0.9165   
 
            
T= total, POM, norm= normalized by total C or total N, HW=hot water extractable, 
CW=cold water extractable, FI=fluorescence intensity, β:α=freshness index, 
HIX=humification index, and HIXohno=Ohno’s modified humification index 
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CHAPTER 6 
 SUMMARY AND CONCLUSIONS 
 
Agricultural N management is typically focused on managing the application of 
inorganic N fertilizers that result in large soil inorganic N pools that are inherently 
vulnerable to loss. However, shifting this focus to optimizing fluxes of N between the soil 
inorganic N pool, the soil organic N pool, and the plant N pool could advance agricultural 
N management and facilitate the design of agricultural systems that are highly productive 
and also reduce N pollution. These ideas were illustrated with a conceptual model in 
Chapter 2, where diversification of cropping systems was presented as a promising 
management strategy that can utilize this alternative N management view. Diversified 
cropping systems were then shown to have potential to reduce N losses while still 
enhancing crop yields. The effect of diversified cropping systems on corn (Zea mays) N 
uptake and yield was examined in depth in Chapter 3, and the contribution of soil N pools 
and N fluxes to this effect was investigated.  
Cropping system effects on corn N uptake and yield were clearly observed, but it 
was shown that measurements of soil N pools and fluxes could not account for this effect. 
Rather, alternative explanations such as soil water dynamics, crop rooting characteristics, 
and plant-microbe relationships were suggested as avenues for future research into this 
phenomenon. Despite not adequately explaining the cropping system effect on crop N 
uptake and yield, N fluxes were enhanced in the diversified systems, and some evidence 
was presented that gross N mineralization plays a role in corn N supply late in the 
growing season. This result is important in light of the research presented in Chapter 4 
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where gross N mineralization (or gross ammonification) rates were shown to be much 
greater than the peak rate of N uptake by a corn crop. This raises the possibility of 
developing systems where gross N mineralization satisfies a greater part of corn N 
demand, which could reduce the need for large pools of soil inorganic N. Finally, Chapter 
5 explored the feasibility of predicting both gross and net N mineralization across diverse 
soils and management strategies using measurements of soil organic matter pools. 
Mineralization rates were related to a large number of potential predictors (measures of 
soil organic matter quantity and quality), although interestingly gross N mineralization 
and net N mineralization were influenced differently by some potential predictors. The 
use of multiple linear regression equations provided an effective means of predicting N 
mineralization rates across diverse contexts of management strategies and experimental 
sites, and should be considered a powerful approach for estimating N mineralization.  
Despite the initial hypothesis attributing the cropping system effect on crop 
growth, N uptake, and yield at the Marsden Farm experiment to differences in N 
availability, the cause of this effect remains an enigma. Identification of the most 
important soil and plant factors that cause this effect could enable the design and 
optimization of cropping systems that meet the multiple demands society places on 
agriculture. As diversified cropping systems are a powerful strategy for improving the 
sustainability of agriculture I strongly encourage future workers to tackle the task of 
continuing investigations into the cropping system effect. 
Soil nitrogen has a deserving reputation for being a difficult subject to study. That 
it can change form quickly in response to environmental changes combined with its 
propensity to move across a system’s boundaries complicates our understanding of the 
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sources, sinks, and fluxes of N. The result is that despite decades of intensive research 
into N dynamics of agricultural systems, a multitude of questions remain unanswered. 
However, the use of the 
15
N stable isotope has enabled much progress in tracking N 
transformations and movements, as in the research presented here where 
15
N was used to 
determine gross N mineralization rates, providing important insights into how gross N 
mineralization related to crop N uptake and net N mineralization. The continuation of 
such research efforts that focus on understanding the factors that influence soil N 
dynamics is demanded by nitrogen’s fundamental importance to the functioning of both 
natural and managed ecosystems. 
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APPENDIX 1 
MARSDEN FARM MANAGEMENT 
 
 
Table A-1. Timing of field operations in the corn year of the three cropping systems at 
the Marsden cropping systems experiment in 2013 and 2014. 
System Operation 2013 Date 2013 Notes* 2014 Date 2014 Notes* 
2-year Field 
cultivation 
5/15/2013  4/21/2014  
 N fertilizer 
application 
5/15/2013 112 kg N ha
-1
 4/21/2014 112 kg N ha
-1
 
 Corn planting  5/15/2013 79,600 seeds ha
-1 
Agrigold 6395BtRW 
4/22/2014 79,600 seeds ha
-1 
Viking 72-04N 
 Herbicide 
application 
5/16/2013 Pyroxasulfone (0.210 
kg ha
-1
), isoxaflutole 
(0.070 kg ha
-1
) 
4/22/2014 Thiencarbazone methyl 
(0.037 kg ha
-1
), isoxa-
flutole (0.092 kg ha
-1
) 
 N fertilizer 
application 
6/28/2013 112 kg N ha
-1
 6/11/2014 56 kg N ha
-1
 
 Corn grain 
harvest 
10/10/2013 9.22 Mg ha
-1
 10/6/2014 12.67 Mg ha
-1
 
      
3-year Field 
cultivation 
5/15/2013  4/21/2014  
 Corn planting 5/15/2013 79,600 seeds ha
-1 
Agrigold 6395BtRW 
4/22/2014 79,600 seeds ha
-1 
Viking 72-04N 
 Herbicide 
application 
5/16/2013 Pyroxasulfone (0.210 
kg ha
-1
), isoxaflutole 
(0.070 kg ha
-1
) 
4/22/2014 Thiencarbazone methyl 
(0.037 kg ha
-1
), isoxa-
flutole (0.092 kg ha
-1
) 
 N fertilizer 
application 
6/28/2013 84 kg N ha
-1
 6/11/2014 22 kg N ha
-1
 
 Corn grain 
harvest 
10/10/2013 9.69 Mg ha
-1
 10/6/2014 13.21 Mg ha
-1
 
      
4-year Field 
cultivation 
5/15/2013  4/21/2014  
 Corn planting 5/15/2013 79,600 seeds ha
-1 
Agrigold 6395BtRW 
4/22/2014 79,600 seeds ha
-1 
Viking 72-04N 
 Herbicide 
application 
5/16/2013 Pyroxasulfone (0.210 
kg ha
-1
), isoxaflutole 
(0.070 kg ha
-1
) 
4/22/2014 Thiencarbazone methyl 
(0.037 kg ha
-1
), isoxa-
flutole (0.092 kg ha
-1
) 
 N fertilizer 
application 
6/28/2013 56 kg N ha
-1
 6/11/2014 22 kg N ha
-1
 
 Corn grain 
harvest 
10/10/2013 10.30 Mg ha
-1
 10/6/2014 13.87 Mg ha
-1
 
* Seeding rates, N fertilizer and herbicide application rates, and yields. Corn yields reported at 155 g H2O 
kg
-1
 grain 
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Table A-2. Timing of field operations in the year prior to 2013 and 2014 corn cultivation 
of the cropping systems at the Marsden cropping systems experiment (soybean, oat/red 
clover, and second year alfalfa for the 2-year, 3-year, and 4-year systems, respectively). 
While information is shown for only the 2012 and 2013 seasons, management of each 
crop was similar in other years of the experiment. 
 
System Operation 2012 Date 2012 Notes* 2013 Date 2013 Notes* 
2-year Field cultivation 4/26/2012  5/15/2013  
Field cultivation 5/11/2012    
Soybean planting 5/14/2012 Kruger K-287RR 
399,000 sds ha
-1
 
5/15/2013 Kruger K-287RR 
399,000 sds ha
-1
 
Herbicide 
application 
6/15/2012 Glyphosate (1.3 kg 
ha
-1
) 
6/17/2013 Glyphosate (1.3 kg 
ha
-1
) 
Herbicide 
application 
  6/28/2013 Glyphosate (1.2 kg 
ha
-1
) 
Insecticide 
application 
  7/17/2013 Lambda-cyhalothrin 
(0.005 kg ha
-1
) 
Harvest 9/28/2012 3.1 Mg ha
-1
 10/10/2013 1.7 Mg ha
-1
 
     
3-year Oat+red clover 
planted (drilled) 
3/27/2012 81 kg ha
-1
 oat, 13 
kg ha
-1
clover 
4/5/2013 81 kg ha
-1
 oat, 13 kg   
ha
-1
clover 
 Oat grain harvest 7/9/2012 3.9 Mg ha
-1
 7/24/2013 1.6 Mg ha
-1
 
 Straw harvest 7/11/2012 2.1 Mg ha
-1
 7/26/2013 2.5 Mg ha
-1
 
 Mowing to 15 
cm height 
8/22/2012  8/16/2013  
 Composted 
manure 
application 
10/23/2012 8.7 Mg ha
-1
,            
C:N = 13.9, 95 kg 
N ha
-1
 
10/29/2013 11.5 Mg ha
-1
,        
C:N = 12.7, 160 kg 
N ha
-1
 
 Moldboard 
plowing 
10/24/2012 Incorporated 
biomass 5.0 Mg  ha
-
1
, 122 kg N ha
-1
 
11/11/2013 Incorporated  
biomass 5.3 Mg ha
-1
, 
150 kg N ha
-1
 
 
      
4-year Alfalfa harvest 5/15/2012 2.9 Mg ha
-1
 6/11/2013 3.3 Mg ha
-1
 
 Alfalfa harvest 6/18/2012 2.4 Mg ha
-1
 7/10/2013 2.2 Mg ha
-1
 
 Alfalfa harvest 7/16/2012 2.7 Mg ha
-1
 8/16/2013 1.1 Mg ha
-1
 
 Alfalfa harvest 8/17/2012 1.5 Mg ha
-1
 9/23/2013 1.4 Mg ha
-1
 
 Alfalfa harvest 9/17/2012 1.2 Mg ha
-1
   
 Composted 
manure 
application 
10/23/2012 8.7 Mg ha
-1
,            
C:N = 13.9, 95 kg 
N ha
-1
 
10/29/2013 11.5 Mg ha
-1
,       
C:N = 12.7, 160 kg 
N ha
-1
 
 Moldboard 
plowing 
10/24/2012 Incorporated 
biomass 3.4 Mg  ha
-
1
, 78 kg N ha
-1
 
11/11/2013 Incorporated 
biomass 5.9 Mg ha
-1
, 
140 kg N ha
-1
  
* Seeding rates, N fertilizer and biocide application rates, incorporated legume biomass (roots + 
shoots) + N content, and yields. Oat yields reported at 135 g H2O kg
-1
 grain, soybean yields at 130 g 
H2O kg
-1
 grain, alfalfa yields at 0 g H2O kg
-1
. 
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Table A-3. Timing of field operations two years prior to corn cultivation in 2013 and 
2014 of the 3-year and 4-year cropping systems at the Marsden cropping systems 
experiment. Information is shown for plots that rotated to corn in 2013 and 2014 
(soybeans for the 3-year system and oat/alfalfa and 4-year systems). Management was 
similar in other years of the experiment. 
 
System Operation 2011 Date 2011 Notes* 2012 Date 2012 Notes* 
3-year Field cultivation 5/18/2011  4/26/2012  
Soybean planting 5/18/2011 Kruger K-287RR 
399,000 sds ha
-1
 
5/14/2012 Kruger K-287RR 
399,000 sds ha
-1
 
Herbicide 
application 
06/16/2011 Glyphosate (1.0 
kg ha
-1
) 
6/15/2012 Glyphosate (1.3 
kg ha
-1
) 
Herbicide 
application 
07/13/2011 Glyphosate (1.2 
kg ha
-1
) 
  
Harvest 10/7/2011 3.9 Mg ha
-1
 9/28/2012 3.0 Mg ha
-1
 
Disking 10/21/2011  10/11/2012  
     
4-year Oat+alfalfa planted 
(drilled) 
4/2/2011 81 kg ha
-1
 oat,  
17 kg ha
-1
alfalfa 
3/27/2012 81 kg ha
-1
 oat,   
17 kg ha
-1
alfalfa 
Oat grain harvest 7/19/2011 3.5 Mg ha
-1
 7/9/2012 4.3 Mg ha
-1
 
Straw harvest 7/20/2011 2.0 Mg ha
-1
 7/11/2012 2.0 Mg ha
-1
 
Mowed to 15 cm 
height 
8/11/2011  8/22/2012  
Alfalfa harvest 9/16/2011 1.9 Mg ha
-1
 9/17/2012 1.5 Mg ha
-1
 
* Seeding rates, herbicide application rates, and yields. Oat yields reported at 135 g H2O kg
-1
 grain, 
soybean yields at 130 g H2O kg
-1
 grain, alfalfa yields at 0 g H2O kg
-1
. 
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Table A-4. Inorganic and organic N fertilizer additions at the Marsden cropping systems 
experiment (2003-2014). CM=composted manure, UAN = urea-ammonium-nitrate 
solution (28% N). CM was applied in the fall of the crop phase, while other materials 
were applied in the spring of the crop phase. 
System Year Phase* Material & rate Material & rate Total
†
 
2-year 2003 Corn Urea, 112 Urea, 39 151 
 
2004 Corn Urea, 112 
 
112 
 
2005 Corn Urea, 112 
 
112 
 
2006 Corn Urea, 112 32% liquid N, 28 140 
 
2007 Corn Urea, 112 
 
112 
 
2008 Corn Urea, 112 32% liquid N, 101 213 
 
2009 Corn Urea, 112 32% liquid N, 56 168 
 
2010 Corn Urea, 112 32% liquid N, 63 175 
 
2011 Corn Urea, 112 
 
112 
 
2012 Corn UAN, 112 32% liquid N, 34 146 
 
2013 Corn UAN, 112 32% liquid N, 112 224 
 
2014 Corn UAN, 112 32% liquid N, 56 168 
 
System annual mean 
  
76 
      3-year 2003 Corn Urea, 112 Urea, 39 151 
  
Triticale/red clover Urea, 28 CM (C:N=18), 58 86 
 
2004 Corn Urea, 34 32% liquid N, 73 107 
  
Triticale/red clover Urea, 28 CM (C:N=12), 208 236 
 
2005 Corn 
  
0 
  
Triticale/red clover Urea, 28 CM (C:N=12), 151 179 
 
2006 Corn 
  
0 
  
Oat/red clover CM (C:N=13), 118 
 
118 
 
2007 Corn 
  
0 
  
Oat/red clover CM (C:N=12), 121 
 
121 
 
2008 Corn 32% liquid N, 101 
 
101 
  
Oat/red clover CM (C:N=11), 124 
 
124 
 
2009 Corn 
  
0 
  
Oat/red clover CM (C:N=14), 83 
 
83 
 
2010 Corn 
  
0 
  
Oat/red clover CM (C:N=13), 106 
 
106 
 
2011 Corn 
  
0 
  
Oat/red clover CM (C:N=14), 100 
 
100 
 
2012 Corn 
  
0 
  
Oat/red clover CM (C:N=14), 95 
 
95 
 
2013 Corn 32% liquid N, 84 
 
84 
  
Oat/red clover CM (C:N=13), 164 
 
164 
 
2014 Corn 32% liquid N, 28 
 
28 
  
Oat/red clover CM (C:N=17), 194 
 
194 
 
System annual mean 
  
58 
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Table A-4 Continued    
4-year 2003 Corn Urea, 112 
 
112 
  
Triticale/alfalfa Urea, 28 
 
28 
  
Alfalfa CM (C:N=18), 58 
 
58 
 
2004 Corn Urea, 34 32% liquid N, 36 70 
  
Triticale/alfalfa Urea, 28 
 
28 
  
Alfalfa CM (C:N=12), 208 
 
208 
 
2005 Corn 
  
0 
  
Triticale/red clover Urea, 28 
 
28 
  
Alfalfa CM (C:N=12), 151 
 
151 
 
2006 Corn 
  
0 
  
Oat/alfalfa  
 
0 
  
Alfalfa CM (C:N=13), 118 
 
118 
 
2007 Corn 
  
0 
  
Oat/alfalfa  
 
0 
  
Alfalfa CM (C:N=12), 121 
 
121 
 
2008 Corn 32% liquid N, 101 
 
101 
  
Oat/alfalfa  
 
0 
  
Alfalfa CM (C:N=11), 124 
 
124 
 
2009 Corn 
  
0 
  
Oat/alfalfa  
 
0 
  
Alfalfa CM (C:N=14), 83 
 
83 
 
2010 Corn 
  
0 
  
Oat/alfalfa  
 
0 
  
Alfalfa CM (C:N=13), 106 
 
106 
 
2011 Corn 
  
0 
  
Oat/alfalfa  
 
0 
  
Alfalfa CM (C:N=14), 100 
 
100 
 
2012 Corn 
  
0 
  
Oat/alfalfa  
 
0 
  
Alfalfa CM (C:N=14), 95 
 
95 
 
2013 Corn 32% liquid N, 56 
 
56 
  
Oat/alfalfa  
 
0 
  
Alfalfa CM (C:N=13), 164 
 
164 
 
2014 Corn 32% liquid N, 28 
 
28 
  
Oat/alfalfa  
 
0 
  
Alfalfa CM (C:N=17), 194 
 
194 
 
System annual mean 
  
41 
  
* Soybean year of all cropping systems has not received N fertilizer and is not shown 
†
 System annual mean assumes equal weight for each crop in rotation 
 
